Water-soluble NHC-metal complexes in catalysis, a new frontier in sustainable chemistry by Díaz Velázquez, Heriberto
	  
	  
 
Faculty of Science 
Department of Inorganic and Physical Chemistry 
 
 
Water-soluble NHC-metal complexes in catalysis, A New Frontier in Sustainable 
Chemistry 
 
Heriberto Díaz Velázquez 
 
 
 
 
Promoter:  Prof. Dr. F. Verpoort 
Thesis Submitted in Fulfillment of the Requirements for the Degree of Doctor of Science: 
Chemistry 
 
 
 
 
 
2013
2	  
	  
Members of the dissertation committee 
Prof. Dr. Francis Verpoort 
Prof. Dr. Rik Van Deun  
Prof. Dr. Albert Demonceau 
Prof. Dr. Johan Van der Eycken 
Prof. Dr. Annemieke Madder 
Prof. Dr. Veronique Van Speybroeck  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3	  
	  
 
Acknowledgments 
 
To Maximiliano… 
 
ACKNOWLEDGMENTS 
This work would not have been possible without the valuable help of many people, so I will try to 
mention all of them, should I do not mention someone; please accept I apologize for that. 
First of all, I want to thank Prof. Verpoort for giving me the opportunity to develop my Ph D research, 
giving a critical point and accurate changes when necessary. I also wan to thank the Mexican council 
of Science and Technology (CONCyT) for the generous scholarship. 
I am very thankful to the Technical and administrative staff of the Inorganic and Physical Chemistry 
Department, who  all the time were kindly disposable to help in any situation: Bart, Pat, Danny,  Els, 
Philip, Pierre, Claudine, Anne, as well as Prof. Kristof van Hecke for the valuable help with the X-ray 
determinations.  Some members of the Staff of organic synthesis S4 is also acknowledged: Jan 
Goeman from the LC-MS equipment, Tim Courtin and Jose Martins for the NMR determinations. 
I want specially thank my dear collaborators Matthias Vandihel and Yara Ruiz García with whom I 
established a very nice collaboration, and later a valuable friendship. For this collaboration I want to 
thank Prof. Annemieke Madder and Veronique Van Speybroeck for their wise remarks. 
We should not forget my dear colleagues, which whom I shared nice talks in the lab: Stijn, Ana Maria, 
Agata, Fatma, Yu, Luo, Seki. Colleagues from adjacent groups became nice friends and among them 
they are: Karen, Ilke, Dolores, Shyam, Els, Ying Ya, Marco, Koen, Abdulghafar only to mention some 
of them. This is dedicated to many other friends I met in Gent throughout the time I was living in that 
great city.  
I especially want to thank university “Tec Milenio” for giving me the opportunity to begging a teaching 
position and feel for the first time the emotion of being in front of a group. There I have found 
incredible friends, just to mention some: Sandy, Christian, Marco, faby, Bety and more. Thank you 
guys for those incredible moments. 
Thank you all for giving me the chance to meet you and share some time, knowing people is one on 
the thinks makes me happy most of the time. Thank you 
I also want to thank to all of the members of my family, they represent a great support on my plans, I 
love you.   
 
 
 
 
 
 
4	  
	  
Contents	  
PREFACE ................................................................................................................................ 7	  
LIST OF ABREVIATIONS ...................................................................................................... 10	  
CHAPTER 2. NHC LIGANDS IN TRANSITION METAL COMPLEXES ................................. 12	  
1.1 INTRODUCTION	  ......................................................................................................................	  12	  
1.2 STABLE CARBENES	  ..............................................................................................................	  12	  
1.2.1 Nature and stability of NHC carbenes	  ...........................................................................	  13	  
1.2.3 Synthetic routes to NHC’s	  ...............................................................................................	  15	  
1.3 NHC LIGANDS IN ORGANOMETALLIC COMPOUNDS	  ..................................................	  18	  
1.4 N-HETEROCLYCLIC CARBENE vs. PHOPSHINE-BASED LIGANDS	  ..........................	  19	  
1.5 CHEMISTRY OF FUNCTIONALIZED NHC’s	  ......................................................................	  19	  
1.6 SULFUR CONTAINING N-HETEROCYCLIC CARBENES	  ...............................................	  24	  
1.7 NHC-CARBENES IN ORGANOCATALYSIS	  .......................................................................	  27	  
1.8 N-HETEROCYCLIC CARBENES IN TRANSITION METAL CATALYSIS	  ......................	  28	  
1.9 NHC-Cu COMPLEXES IN CATALYSIS	  ...............................................................................	  30	  
CHAPTER 3 CLICK CHEMISTRY: RECENT DEVELOPMENTS ON THE Cu (I) CATALYTIC 
SYSTEMS .............................................................................................................................. 82	  
3.1 INTRODUCTION	  ......................................................................................................................	  82	  
3.2 AZIDE-ALKYNE CYCLOADDITION: BASICS	  .....................................................................	  83	  
3.2.1 The copper catalyst	  ..........................................................................................................	  84	  
3.2.2 Auxiliary ligands	  ................................................................................................................	  86	  
3.3 CuAAC WITH IN-SITU GENERATED AZIDES	  ...................................................................	  87	  
3.4 CuAAC WITH INORGANIC AZIDES	  .....................................................................................	  88	  
3.5 CuAAC WITH ACETYLENE GAS	  .........................................................................................	  89	  
3.6 COPPER - CATALYZED REACTIONS WITH OTHER DIPOLAR SPECIES	  .................	  90	  
3.8 MECHANISTIC ASPECTS OF THE CuAAC REACTION	  ..................................................	  91	  
3.9 CuAAC REACTIONS IN PEPTIDOMIMETIC CHEMISTRY	  ..............................................	  93	  
3.10 BIBLIOGRAPHY	  ....................................................................................................................	  98	  
5	  
	  
CHAPTER 4 WATER-SOLUBLE (NHC)2Cu COMPLEXES FOR APLICATIONS IN CLICK 
CHEMISTRY  AND  BIOCONJUGATION. MECHANISTIC ANALYSIS OF A STANDARD 
CLICK REACTION ............................................................................................................... 101	  
4.1 INTRODUCTION	  ....................................................................................................................	  101	  
4.2 RESULTS AND DISCUSSION	  ............................................................................................	  102	  
4.2.1 Synthesis of carbene precursors.	  .................................................................................	  102	  
4.2.2 Synthesis of catalysts.	  ...................................................................................................	  102	  
4.2.3 Catalytic activity	  ..............................................................................................................	  103	  
4.2.4 Synthesis of 1,4-substituted triazoles under neat conditions.	  ..................................	  104	  
4.2.5 Synthesis of  an oligomer by CuAAC	  ...........................................................................	  108	  
4.2.6 Synthesis of 1,4-substituted triazoles with azides formed in-situ.	  ...........................	  108	  
4.2.7 Synthesis of 1,4,5-substituted triazoles	  .......................................................................	  110	  
4.2.8 Synthesis of 1-substituted triazoles	  .............................................................................	  110	  
4.2.9 Synthesis of 4-substituted triazoles.	  ............................................................................	  112	  
4.2.10 Bioconjugation experiments	  ........................................................................................	  114	  
4.2.11 Heterogeneous CuAAC catalysis by an ionically immobilized Cu(NHC)2 complex 
catalyst	  .......................................................................................................................................	  116	  
4.2.12 Mechanistic analysis	  ....................................................................................................	  119	  
4.3  CONCLUSIONS AND OUTLOOK	  ......................................................................................	  123	  
4.4 EXPERIMENTAL SECTION	  .................................................................................................	  124	  
4.4.1 General conditions	  ..........................................................................................................	  124	  
4.4.2 Synthesis of ligands	  .......................................................................................................	  124	  
4.4.3 Synthesis of catalysts	  .....................................................................................................	  125	  
4.4.4 Synthesis of triazoles by CuAAC	  ..................................................................................	  126	  
4.4.5 Bioconjugation experiments	  ..........................................................................................	  127	  
4.4.6.	   Heterogeneous catalysis by NHC-Cu complexes	  ................................................	  131	  
4.4.7 Computational methods	  .................................................................................................	  132	  
4.4.8 NMR and Mass spectra of ligands and catalysts	  .......................................................	  134	  
4.4.9	  NMR	  spectra	  of	  selected	  triazoles	  ......................................................................................	  144	  
4.4.10 Mass spectra and chromatograms of peptide precursors and peptide products	  156	  
4.4.11 XRF Experiments on water phase of 7-IRA 402	  ......................................................	  160	  
4.5 BIBLIOGRAPHY	  ....................................................................................................................	  162	  
6	  
	  
CHAPTER 5 CATALYTIC C−H CARBOXYLATION OF TERMINAL ALKYNES WITH 
CARBON DIOXIDE .............................................................................................................. 165	  
5.1 INTRODUCTION	  ....................................................................................................................	  165	  
5.2 PROPIOLIC ACIDS AS INTERMEDIATES IN ORGANIC SYNTHESIS	  .......................	  165	  
5.3 SYNTHESES OF PROPIOLIC ACID ESTERS VIA Cu(I)- AND Ag(I)-CATALYZED 
CARBOXYLATION OF TERMINAL ALKYNES	  ........................................................................	  166	  
5.4 SYNTHESES OF PROPIOLIC ACIDS VIA COPPER-CATALYZED CARBOXYLATION 
OF	  ...................................................................................................................................................	  168	  
TERMINAL ALKYNES	  .................................................................................................................	  168	  
5.5 SILVER-CATALYZED CARBOXYLATION OF TERMINAL ALKYNES	  .........................	  170	  
5.6 METAL-FREE CARBOXYLATION OF TERMINAL ALKYNES	  .......................................	  172	  
5.7 CONCLUSIONS AND OUTLOOK	  .......................................................................................	  173	  
5.8 BIBLIOGRAPHY	  ....................................................................................................................	  174	  
CHAPTER 6 AG AND CU-NHC COMPLEXES CATALYZED CO2-FIXATION REACTIONS 
TO TERMINAL ALKYNES. .................................................................................................. 176	  
6.1 INTRODUCTION	  ....................................................................................................................	  176	  
6.2. CATALITIC ACTIVITY	  ..........................................................................................................	  176	  
6.3. PROPOSED MECHANISM FOR THE CARBOXYLATION OF TERMINAL ALKYNES 
BY A (NHC)2-Ag COMPLEX	  .......................................................................................................	  180	  
6.4 EXPERIMENTAL SECTION	  .................................................................................................	  181	  
6.4.1 General conditions	  ..........................................................................................................	  181	  
6.4.2 Standard procedure for the carboxylation of terminal alkynes	  .................................	  181	  
6.4.3 NMR spectra of propiolic acid products	  .......................................................................	  182	  
6.5 BIBLIOGRAPHY	  ....................................................................................................................	  188	  
CHAPTER 7 GENERAL CONCLUSION .............................................................................. 189	  
7.1 SUMMARY	  ..............................................................................................................................	  189	  
7.2 OUTLOOK	  ...............................................................................................................................	  191	  
ALGEMENE BESLUIT ......................................................................................................... 193	  
	  
 
 
 
7	  
	  
PREFACE 
 
Catalysis is a science that has revolutionized the field of chemical synthesis due to the huge 
advantages given by it over the traditional synthetic procedures principally in terms of energy 
saving and reaction time reduction.  
In this work, we have devoted our research based on the reasonably young field of NHC 
ligands in organometallic compounds since NHC-type ligands have shown advantageous 
properties over the typical phosphine and amine-based ligands. Started over 44 years ago 
with the isolation of the first NHC-transition metal complex, it was over last two decades that 
NHC-metal complexes have represented a boom in catalysis science and technology. 
One of our main targets in this research was the use of eco-friendly procedures. By doing so, 
the necessity for the synthesis of water miscible catalysts might provide an excellent starting 
point to the use of this compound as our reaction media. Water provides with a possibility to 
avoid the use of environmentally dangerous organic solvents, thus converting organic 
synthesis into an innocuous chemical process. Taking elements from the literature regarding 
NHC-carbenes and water-soluble catalysts, it can be easily realized that the functionalization 
of the NHC ligand with one or more hydrophilic groups may generate a similar behavior in 
the final NHC-metal complex.  
One of the reactions that have been deeply studied in recent years is the CuAAC (Copper 
Catalyzed Alkyne-Azide Cycloadditions), better known as “Click” Chemistry. Although many 
catalytic systems have been successfully applied, they have been studied for only specific 
cases of the CuAAC reaction. Therefore it turns out to be an central research matter the 
investigation of more general catalytic systems which that may act under several reaction 
conditions (organic solvents and/or water, low or high temperatures, gas and liquid phase 
substrates). It has been shown that water significatively enhances the catalyst performance 
so the synthesis and application of a water-soluble catalytic system is desirable. Some 
investigations have revealed the possibility to use acetylene gas as source of alkyne in Click 
reactions in organic solvents. From these results it turns out that the use of water may be 
feasible if the Cu (I) catalyst shows the required properties to carry out such work. The 
application of CuAAC for bioconjugations purposes pioneered by Meldal is considered a 
unique procedure to mimic peptides of a high biological importance. Therefore the design of 
Cu (I) catalyst systems should consider the applications for the synthesis of peptide mimics. 
Finally, the recent investigations of Cu (I) catalytic systems revealed that under specific 
conditions it is possible to activate CO2 molecules and in order to react them with terminal 
alkynes. Several investigations afforded NHC-Cu as well as NHC-Ag complexes to 
successfully perform the carboxylations of terminal alkynes under mild conditions. It is well 
known that the carboxylation/decarboxylation processes are reversible, so the right 
conditions should be found in order to get one reaction or the opposite.  
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OUTLINE 
 
This work is divided into three main parts: the analysis of NHC type ligands and their 
complexes with transition metals as catalysts under normal and aqueous conditions, a study 
of the CuAAC reaction and an introduction to new catalysts aimed for click reactions as well 
as a theoretical analysis of the reaction mechanism. 
 
Chapter 1 gives and introduction to N-heterocyclic carbenes as a well-defined chemical 
species, their electronic peoperties, use as organocatalysts and as ligands in transition metal 
complexes aimed for catalysis. The chapter offers a survey of the use of functionalized NHC-
ligands the their incorporation in organometallic complexes, then more specifically for sulfur-
containing NHC carbenes. Finally the use of NHC-transition metal complexes in catalysis 
and particularly NHC-Cu (I) catalysis is presented. 
 
Chapter 2 is a full review of the use of NHC-transition metal complexes intended for 
catalysis purposes in aqueous media. This chapter gives a full overview of the state-of-the-
art in the area with a description by element group (metal from group 8 to 11) and by the 
functionalization of the NHC-ligand (ionic-tagged, non-ionic tagged and neutral NHC-metal 
complexes) of the most important aqueous catalytic processes involved with this 
organometallics. 
 
Chapter 3 deals with the Cu catalyzed Alkyne-Azide cycloaddition, from basics to 
applications, passing through the description of the most used catalyst systems to the 
mechanistic considerations regarding the “Click” reaction , the different reactivityes towards 
inorganic azides or acetylene gas and sulfonyl azides. Finally the chapter gives an overview 
of the CuAAC reaction in peptidomimetics chemistry. 
 
Chapter 4 introduces our main research based on the development of new catalysts for the 
CuAAC reaction, whose particularity lies in the functionalization of their NHC ligands with a 
sulfonated groups, rendering to water-soluble Cu(I) complexes with the capacity to carry out 
“Click”reactions under different conditions with a wide scope of substrates (including 
inorganic azides and acetylene gas) which are reacted mainly in water or aqueous solvents. 
An overview of their use on bioconjugations and as heterogeneous catalysts is investigated. 
Finally the mechanistic analysis of the reactions using a standard click reaction is carried out 
under DFT conditions. 
 
Chaper 5 gives an overview of the carboxylation of terminal alkynes with CO2 catalyzed by 
Ag and Cu (I) complexes, giving the corresponding propiolic acids.  Some examples of the 
synthesis of propiolic acids is presented along with examples of the application of these type 
of organic compounds. Finally the carboxylation of terminal alkynes under metal-free 
conditions is described. 
 
Chapter 6 is an overview of the second part of our research about the carboxylation of 
therminal alkynes under mild conditions with our new NHC-Cu (I) catalysts and a comparison 
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of these with a water-soluble NHC-Ag complex. The comparison is made by using the same 
functionalized NHC-ligand. 
 
Chapter 7 briefly summarizes the conclusions made throughout the thesis, and a short future 
outlook is given. 
 
Chapter 8 presents a summary of the work in the Dutch language.  
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NHC LIGANDS IN TRANSITION METAL COMPLEXES 
 
 
 
 
1.1 INTRODUCTION 
 
  
In this chapter we will understand general concepts regarding NHC’s, beginning with a general 
definition of stable carbene, following with an introduction to the specific case of N-heterocyclic 
carbenes from the point of view of their electronic structure, reactivity and synthetic routes. An 
overview of the different heterocyclic carbenes as well as acyclic carbene structures is revised, 
including a special class of carbenes called the Bertrand carbenes, which have been less explored. A 
study of the coordination properties of the NHC’s as ligands in transition metal compounds is 
presented, making emphasis on the ability of this class of ligands to produce stable complexes 
compared with the less stable phosphine-based analogs. Finally we make an overview of the recent 
developments on functionalized NHC’s and their chemistry.  Among these special types of 
compounds, we will discuss the sulfur-containing NHC’s and will give some examples of complexes 
which have been produced using this class of ligands. 
 
 
1.2 STABLE CARBENES  
 
Beginning in the late 1950’s with Doering, and continued by Fisher in 1960’s, Carbenes have become 
an exciting topic for study during last five decades, especially due to its suitability as a ligand in 
organometallic chemistry. Just as a simple chemical curiosity, their involvement in many reactions of 
high synthetic interest has made carbenes a milestone in organometallic chemistry.1-4 
 
Carbenes are basically neutral compounds with a divalent carbon atom holding six electrons in its 
valence shell. From the standard prototype          , the carbon atom can be either linear or bent, 
depending on the degree of hybridization. A sp-hybridized carbene center with two nonbonding 
degenerate orbitals (px and py) implies a linear geometry. An sp2-type hybridization is adopted when 
bending the molecule and the py orbital remains almost unchanged (orbital pπ ), and the pure px orbital 
is stabilized by acquiring some s character (σ orbital) (Figure 1.1). Most carbenes are bent with their 
frontier orbitals σ and .pπ. 
 
 
 
If the two-nonbonding electrons are in two different orbitals, whether with parallel or opposed spins, 
they adopt a triplet state, and they are described by the σ1pπ1 configuration (3B1 and 1B1 state, figure 
1.2). In singlet carbenes, both non-bonding electrons can be paired in the same σ or pπ orbital (1A1 
states, figure 1.2); σ2 is more stable than the pπ2. The ground-state spin multiplicity is responsible for 
13	  
	  
the reactivity of this chemical species. Singlet carbenes have an ambiphilic character due to the 
presence of an empty and a filled orbital. Triplet carbenes have two semi-occupied orbitals and are 
usually considered as diradicals.5 The relative energy of the σ and pπ orbitals determines the ground 
state multiplicity of the carbene. In order to impose a singlet ground state, an energy gap of 2 eV 
between the σ-pπ separation is necessary, however a value below 1.5 eV leads to a triplet ground 
state.6  
 
 
 
1.2.1 Nature and stability of NHC carbenes 
 
NHC’s are singlet carbenes since they hold a divalent carbon atom with six electrons in their valence 
shell and two non-bonding orbitals in the same orbital. One of the reasons for their high stability lies in 
the inductive σ-effect of the N-atoms onto the carbon atom and the mesomeric interactions with the 
nitrogen lone pairs and the Pπ empty orbital on the carbon atom. Additional stabilization on 
unsaturated NHC’s is given by the 4n + 2 Hückel configuration. Steric protection may play a relevant 
roll but is not a decisive factor since less sterically demanding substituents also afford isolable 
carbenes. 7-9,10, 11. 
 
 
 
Arduengo and Wanzlick pioneered the preparation of NHC-ligands, the former published on the 
synthesis of IMes (1,3-dimesityl-4,5-imidazol-2-ylidene)12 and in 1995 on the first saturated NHC13 1,3-
dimesityl-4,5-dihydroimidazol-2-ylidene (H2IMes), Wanzlick initiated with synthesis of NHC-ligands 
with aromatic substituents by inserting them into transition metals. The isolation of the free carbenes 
was not successful at that time. 14 The main idea was that the stability of the free NHC carbene was 
limited to the steric character on the N-substituents, for which some groups were capable to prevent 
dimerization of the diaminocarbene as well as the aromaticity of the ring like the imidazolin-2-ylidenes, 
as well as the 1,2,4-triazolin-5-ylidenes and benzimidazolylidenes (Figure 1.4). This assumption was 
discarded by the synthesis of imidazolidin-2-ylidenes (or imidazolinylidenes), the saturated version of 
the imidazolin-2-ylidenes, which were thought to be more σ-donating than their unsaturated analogs; 
this idea was later overthrown by recent studies on the basicity of the NHC-ligands. 15-16,17-18,19-20 
 
Steric hindrance of the N-substituents in the saturated version of NHC’s determines whether it exists 
as the monomeric carbene or as the enetetramine dimer (Wanzlick equilibrium). Usually, monomeric 
carbenes are the predominant species when the N-substituents are t-Bu or larger, for smaller groups, 
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the enetetramine dimer is formed. Up to now, many types of NHC ligands have been synthesized, 
holding different substitution patterns and backbone elements (figure 1.4), most of them are derived 
from five-membered rings, but also four-, six- and seven-membered NHC ligands have been prepared, 
the last was prepared without isolation of the free carbene. 21-30 31-32 
 
The synthesis of the stable bis(diisopropylamino)carbene demonstrated the possibility to isolate 
acyclic diaminocarbenes, throwing away the idea that aromatic stabilization or the constraints resulting 
from the ring geometry to be key factor for the isolation of carbenes .33 Acyclic ligands showed to be 
stronger electron donors than their cyclic analogs, however they were more fragile than cyclic 
carbenes and the resulting complexes less robust.34-35 
 
Lassaletta et al. reported on the synthesis of 1,3-bis(N,N-dialkylamino)imidazolinylidenes, by 
introducing exocyclic N,N-dialkylamino groups. The resulting carbenes maintain many of the 
properties of the classic imidazolinylidenes, giving rise to a slightly improved σ-donating capacity.36 
Bertrand et al isolated acyclic amino hydrazino carbenes at -30oC, however, upon warming, an 
intramolecular rearrangement was found to limit the lifetime of these carbenes.37-38 An interesting 
example of variation in the NHC framework is an N-heterocycle with a diborone backbone.39 
Furthermore, the isoelectronic carbene analogues silylenes40,41 germylenes42, and phosphenium 
cations have been reported in the literature. 43-44 
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1.2.3 Synthetic routes to NHC’s  
  
 
Different methodologies are applied for the preparation of unsaturated carbene precursors. For 
example, 1-substituted imidazoles can be easily coupled to afford bidentate and tridentate ligands, 
which has become a common procedure to attain a wide range of multidentate ligands. 45-46 
 
Preparation of symmetrical saturated 5-membered ring NHC’s is commonly carried out by reduction of 
the di-amine salt, followed by ring closing of the intermediate, most of the time performed by 
triethylortoformate47. 6- and 7-membered symmetrical carbene rings are synthesized by different 
methods48-49. Unsymmetrical rings were reported by Mol et al., Grubbs et al., Blechert et al., Hahn et 
al.50 and Collins et al. 51-54 
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Different synthetic paths have emerged as a consequence of the complexity involved in the direct 
deprotonation and coordination to the metal center. Consequently, isolation and simple ligands 
exchange relies upon the ability to prepare free NHC’s (Figure 1.5 (a)). Since this offers limitations due 
to the high reactivity of the carbene towards air and moisture, suffering immediate hydrolysis, 
especially in the case of free (imidazolidin-2-ylidenes), the general trend is that only imidazolin-2-
ylidenes are isolated for further complexation. One frequently used method relies on the thermal 
cleavage of enetetramines (Wanzlick dimer) in the presence of metal species. Sometimes this is not 
possible and an in-situ carbene formation from the salt precursor is accomplished. This can be done 
by using a strong base like KHMDS (figure 1.5 D), or by the presence of a carbene precursor like the 
chloroform adduct in case of 1,3-bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene (H2IMes) (figure 1.5 
E). Thermal treatment of this adduct is thermally treated, free carbenes are generated in-situ. Similar 
reaction path is carried out by the methanol adduct, where thermolysis liberates the corresponding 
free carbene (figure 1.5 B) 56 An optional approach to thermally generated free carbenes is the 
reaction of diamines with benzaldehydes, like the pentafluorobenzene based adducts which are more 
readily prepared than the choloform adducts (figure 1.5F)57-58. 
 
Direct deprotonation using KOtBu or potassium tert-amilate offers an easy way to imizadolin-2-
ylidenes, generating halide salts as byproducts. When using saturated NHC precursors, a tert-butanol 
adduct is formed, with subsequent thermal treatment to produce the free carbene (Figure 1.5C).55 One 
additional class of adduct is the so called imidazol(ydin)ium-2-carboxylates, which are prepared from 
the corresponding NHC’s and carbon dioxide. These CO2 adducts are stable towards air and moisture 
and can easily transfer carbenes to a variety of metals, releasing the original CO2 that was formerly 
captured (Figure 1.5 G).59-61  
 
One more approach to free carbenes is the isolation of the Ag-adducts, this species have shown a 
convenient way to transfer carbenes to other transition metals avoiding the need for the isolation of the 
free NHC (Figure 1.5 I). In addition, silver (I)-NHC complexes have shown to be convenient carbene 
transfer agents. Therefore, this method has recently gained interest in the NHC complex synthesis 62-
68.  Ag transfer agents are mostly used when the NHC precursor has protons of comparable acidity to 
the imidazolium C-H (this is NCHN), and treatment with base is for that reason not productive.69 One 
more report shows the reaction of an imidazolium salt with LiBEt3H, affording the triethyl borane 
adduct acting as a carbene precursor for the synthesis of transition metal complexes (Figure 1.5 
H).70,71 
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1.3 NHC LIGANDS IN ORGANOMETALLIC COMPOUNDS 
 
Although it has been 21 years since the first isolation of a stable NHC carbene72 and 44 years from the 
first reports on the isolation of NHC-transition metal complexes, 73 along with the revolution in 
organometallic synthesis and catalysis that has derived from it, entirely understanding of the factors 
that govern the high stability and at the same time the reactivities of this type of organometallics is far 
to be entirely achieved. Nevertheless, a good progress has been accomplished during last decade, in 
which both theoretical and experimental approaches have provided a more clear evidence of the most 
important steric and electronic contributions to the NHC-metal bond. Originally thought as a 
predominantly pure σ-donor, the NHC-metal bond was subjected to a more profound study and this 
simple idea was replaced due to the findings that π-interactions also contribute to the NHC-metal 
bond.  It was found that the π-donor contribution and the π* back-donation from the d-orbital of the 
metals have a special contribution to the entire NHC-metal bonding.74  
 
Figure 1.6 shows the most important molecular orbitals involved in the NHC-metal bonding, with a) 
representing the NHC to metal σ→d donation, b) the metal to NHC d→π* donation and c) the NHC to 
metal π→d donation. Meyer et al. evidenced with DFT (Density Functional Theory) calculations that 
NHC's can accept non-negligible electron density from electron rich metals through d→π* 
backdonation.75 Similar conclusions were made from EDA (Energy Decomposition Analysis) 
calculations on NHC-containing group 11 metal complexes.76  Nolan et al. observed a remarkable 
π→d electron donation from NHC to metal for a NHC-Ir complex.77 In parallel to Nolan, Cavallo et al. 
discovered that for systems with a low d electron count, both π-donation and π-backdonation are of 
importance while for systems with a high d electron count, back-donation gives the major contribution 
to the π-interaction. 
 
 
  
 
 
 
 
This allows for the statement that NHC ligands can display an ambivalent π-bonding character78 and 
might thus function as π-bases and as π-acids. Several recent experimental (crystallographic) and 
theoretical studies on the electronic structure of these transition metal complexes confirm the idea that 
an NHC ligand is not an entirely ’pure’ σ-donor.79-81 It is also clear that the donor power and π-bonding 
character depend not just on the ligand but also on the metal fragment and its coordination 
environment. 
 
 
N
N
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b) M
c) NHC
M
N
N
N
N
NHC
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π∗-backdonation
M π-donation
Figure 1.6 MO contributions to theNHC-M bond
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1.4 N-HETEROCLYCLIC CARBENE vs. PHOPSHINE-BASED LIGANDS 
 
Analysis of the BDE (Bond dissociation Energy) on Ru and Ni complexes led to a correlation between 
the N-substituents in the NHC-ring with the stability of the complex, and only a small difference 
between saturated and unsaturated C4-C5 positions of only 1 kcal/mol. A comparison of the 
phosphine analogues of such complexes undoubtedly proved the higher stability of the NHC-metal 
complexes compared to these.82-83 An important aspect regarding the BDE’s and the substituents on 
the N-atom of the NHC shows clearly that the BDE’s of the ligands depends strongly on the bulkiness 
of the groups at the N atom, with higher BDE’s found for less sterically hindered ligands.83 Theoretical 
studies on Ni(CO)n(NHC) complexes made by Nolan and Crabtree separately, showed that 
unsaturated NHC carbenes are marginally more net electron donating, which is in sharp contrast to 
conventional reasoning on their carbene donor capacity.83 
 
 
In spite of the many types of carbenes that have been reported, e.g., the Bertrand carbenes and cyclic 
and acyclic diaminocarbenes,84 special intrinsic characteristics related with the persistent NHC 
carbenes (or Arduengo carbenes) have render their huge application as ligands in organometallic 
synthesis and catalysis, among those properties we can cite the dramatic shortening of Ccarbene-N bond 
as well as the C4 and C5 bond in the unsaturated carbenes, and the decline in the NCN bond angle, 
causing a more homogeneous bond angle. This makes NHC carbene ligands extremely σ-donor in 
nature with a considerable π-acceptor function in a direction perpendicular to the NHC plane. The in-
plane π-direction can be considered to be electron-donating, making NHC ligands even more unique 
because in addition to π-donation, π-backbonding is not degenerated and so it has an important 
contribution to the metal-ligand bond. The result of all of these factors was the easy replacement of 
phosphines by NHC ligands and the high stability of the resultant complexes under many catalytic 
conditions.85 This ability initiated impressive academic and industrial efforts, and as a result a great 
number of effective NHC-bearing catalysts with very different structures have been designed. In many 
cases these catalysts exhibited better activity than the corresponding phosphine-based catalysts, the 
most noticeable examples are in the field of Ru-catalyzed metathesis of olefins86-158 Ir-catalyzed 
hydrogenation 89,90,  Pd-catalyzed C-C coupling reactions 91,92 led to unexpected reactivity, as in the 
case of Au-catalyzed reactions 93-94. Further, H atoms in positions 4, 5 of the saturated imidazolin-2-
ylidene ring are a key structural feature for the introduction of asymmetry in the NHC ring, which opens 
the door to the use of chiral NHCs in asymmetric synthesis. 95,96 
 
 
1.5 CHEMISTRY OF FUNCTIONALIZED NHC’s 
 
Phosphines have largely used in catalysis due to their versatile chemical properties, which make them 
capable to be used not only as simple ligands (monodentate or chelate) but also to carry chemical 
groups which can modify the properties of the catalyst. For example, they can fix to a polymeric matrix 
to avoid loose of the metal. Other type of functionality is the insertion of a second ligating atom, which 
allows for a free coordination site to the substrate. These ligands are known as hemilabile because 
only one atom is really bonded to the metal (phosphorus). Chirality is one more important property that 
be introduced into the phosphines and consequently to the catalyst. 97,98 
 
In case of N-Heterocyclic carbenes, they can be functionalized on both nitrogen atoms by means of 
naturally occurring chiral amines or by the use of a chiral alkyl halide to quaternize the second 
nitrogen during the synthesis of the imidazolium salt (figure 1.7). Conventional synthetic methods can 
be used to functionalize the imidazole side chain. 99, 95 The hydroxyalkyl functionality and its potential 
was one of the first properties to be recognized98 since the hydroxy group can be converted into 
different functional groups (ester, ether or substituted by halogen and subsequently converted into a 
phosphine) (figure 1.8).100 Equally facile is the insertion of an amino side-group101. It is noteworthy that 
the introduction of any functional group is limited to their tolerance towards strong basic conditions, 
since a strong base is needed to withdraw the proton NCHN from the imidazolium salt, so that every 
group intended to be part of the ligand must be inert to this condition even at high temperature. It is 
easy to realize that the first functional groups introduced into NHC’s were tertiary amines, ether and 
phosphines as well as secondary amides and alcoholates.  
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Phosphines, tertiary amines, esthers, keto and ether functionalities were the predominant existing 
functional groups in NHC ligands and just recently some research regarding stronger nucleophiles has 
started, such “innovative” functionalities include alcoholates and secondary amindes. 78, 99,100 
 
Taking advantage of the simplicity of using alkyl halides for the synthesis of imidazolium salts, using 
functionalized alkylhalides will allow the introduction of a phosphino group. 98 Nolan reported on this 
procedure to produce N-aryl, N’-diphenylphosphinoethyl imidazolium salts (figure 1.9 A). Chiral 
diamine 1,2-diaminocyclohexane (figure 1.9 B) offer another good approach, where one of the amino 
groups is used to produce the imidazole ring by protection of the other amino groups. 103  
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In order to introduce a chiral [2,2]-paracyclophane substituent onto the imidazole, Bolm inserted a 
phosphino group onto the [2,2]-paracyclophane ring (figure 1.10), forming the enantiopure pseudo-
orthodibromo-[ 2,2]-paracyclophane and subsequent reaction with BuLi and then ClPPh2 in order to 
insert only the phosphino group. Finally, a second equivalent of BuLi, CO2 insertion and reduction with 
LiAlH4 introduces a hydroxylmethyl group which can be converted into the corresponding methylhalide 
and used to form the imidazolium salt.  
 
 
 
 
 
Zhou et al. Started from benzaldehyde to form the N,N-dimethylaminomethylbenzene. After litiation in 
ortho-position and reaction with ClPPh2 to introduce the phosphino group, the amino group is 
substituted with chloride and the molecule reacted with the respective imidazole to generate the 
mono- or bis-phosphino imidazolium salts (figure 1.11). 
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Since amino groups do not undergo as many side reactions as phosphines, Spencer and Fryzuk102 
used a terminally chlorinated secondary amine to introduce the amino functionality into the NHC 
(figure 1.12 A) and treatment with KN(SiMe3)2 to generate the carbene. The same procedure was used 
by Arnold et al.104 by using stepwise addition of butyllitium. However In this case there is a competitive 
reactivity towards deprotonation between the C2 of the NHC and the NH proton.  The generation of 
the carbene was observed in the 13C-NMR with the in the range expected for the C2 of a NHC (211.0 
and 215 ppm). Due to the inherent reactivity of the carbene, most probably the real structure in 
solution involves intramolecular hydrogen bonding between C2 and NH, as evidenced by the carbene 
reported by Arnold et al.104(see figure 1.12 B), where there is a LiBr adduct of the carbene with lithium 
coordinated to C2 and NH.  
  
 
 
 
 
Besides phosphino and amino functionalities, oxygen-based functionalities can be introduced into the 
NHC. Such functional groups may be present as ether, ester, keto or even alcoholato groups. The 
Arnold Research Group pioneered this area by introducing alcoholate functionalities from epoxides, 
rendering an ethylene bridge between the hydroxy group and the imidazole (carbene) (figure 1.13). 
Arnold et al. published a review concerning all kinds of anionic tethered N-heterocyclic carbenes 
reported up to then.106 
 
N
1) BuLi; 2) ClPPh2
3) ClCOOEt
PPh2
Cl
N
NH N N
Ar
N
N
Ar
N
N
Cl
PPh2
Cl
Figure 1.11 Stepwise introduction of phosphino groups onto the imidazole ring.
PPh2
Ph2P
H
N
Cl
N
HN
N
N
H
N
N
H
Cl
N
N
Li
Br
Br
Li
N
N
N
N
R
R
Figure 1.12A)Introduction of amino groups onto the imidazole ring;
B)The nucleophilicity of amino carbenes
A
B
23	  
	  
 
 
  
Diéz-Barra et al.107 used 1,2,4-triazole which to react with an acetylene carboxylic acid ethyl ester, 
producing a bis-triazole methylene group holding an ester functionality. Further reduction with LiAlH4 
yielded the alcohol (see figure 1.14 A).  Keto group was introduced by Waymouth et al. by reacting an 
imidazole witn an α-bromomethyl ketone, with subsequent carbene formation  as its silver adduct (see 
figure 1.14B). 108 
 
 
 
 
 
 
In every carbene method formation, a concern does exist about the compatibility of the functional 
group and the carbene formation and stability. Since ester groups are known to hydrolyze in presence 
of acids or bases, researches are prompted to use alternative ways for carbene formation. One good 
alternative may be the Ag adduct method, since neither silver oxide nor silver carbonate are 
appreciably soluble in organic solvents, the concentration of the base in the organic phase is too low 
to decompose the functional group and the coordination of the Ag atom to the carbene protects it from 
reacting prematurely. Furthermore, transfer of the NHC to another transition metal is easily 
accomplished. The use of carbene activating complexes like palladium(II) acetate 107 or rhodium(I) 
compounds like [Rh(COD)OC2H5]2 (COD = 1,5-cyclooctadiene)105 is limited to transition metal 
complexes that are able to activate C-H bonds.  
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1.6 SULFUR CONTAINING N-HETEROCYCLIC CARBENES 
 
It has been clear that NHC’s containing additional donor functionalities provide extra metal-center 
stability through chelation with these polydentate ligands.109,110. Some of those ligands can exhibit 
hemilability when complexed to the metal, which means that they can offer free coordination sites at 
the metal during reactions that are “masked” in ground state structure, and as a result stabilize 
reactive intermediates. 111This property varies greatly depending on the donor ability of the ligand 
functionality as described by Pearson’s Hard-Soft Acid-Base theory112. These donor-functionalized 
NHC’s are wide ranging, containing neutral and two-electron donor functionalities from groups 15 and 
16, emphasizing on N, O and P-containing NHC’s. However sulfur-containing NHC’s have been less 
explored, nevertheless their transition metal complexes have seen a remarkable growth of reports 
over the last few years. To give an example, figure 1.15 shows the recent complexes published at the 
moment, which incorporate thiolate, thioether, thiophene, sulfonated groups as the most 
representative sulfur-contaninig groups present in NHC-transition metal complexes. Despite the fewer 
applications of S-NHC complexes, their versatility has been demonstrated in catalytic transformations 
such as Suzuki-Miyaura, Mizoroki-heck, Sonogashira, hydrosilylation, aryl-amination, hydrogenation, 
allylic substitution, ethylene polymerization, asymmetric 1,3-cycloaddition of imino glycinates, 
palladium catalyzed addition reactions, etc.  
 
 
Sulfur-containing NHC’s and their respective NHC-transition metal compounds are a brand new area 
of research, the donor ability of the sulfur functionalization opens promising directions towards hybrid 
NHC’s. Their benefit lies in the hemilability of the sulfur-based compounds given by the chemical 
properties of the S-NHC’s, giving the possibility for tune-ability of the catalytic process applications of 
their respective transition metal complexes. 
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1.7 NHC-CARBENES IN ORGANOCATALYSIS  
 
The high stability featuring the NHC-carbenes have made them potential candidates for catalysis even 
on metal free catalytic systems, such as the imidazolium salts 1-8 reported by Hoveyda (figure 1.16). 
113 In this very recent investigation the in-situ NHC-carbene preparation in an aqueous reaction 
mixture was used for the metal-free Si-C bond formation by a silyl conjugate addition to cyclohexene-
2-one (figure 1.17). Symmetrical imidazolinium salt 7 gave the best yields and enantiomeric selectivity 
and was further tested on other cyclic and acyclic α,β-unsaturated carbonyl compounds. The catalytic 
activity of these NHC-carbene precursors was possible due to the activation of the B-B bond of the 
silylating agent by the formation of an intermediate stable NHC-B complex. This report signified the 
first metal-free C-Si bond forming reactions. 
 
 
 
 
 
The feasibility of the formation of stable NHC-B bonds was further confirmed by Lacôte et al.114 They 
reported on the use of the NHC-borane 9 as co-initiator for the photo polymerization of different 
acrylate monomers in presence of a high concentration of water, (figure 1.18). Determination of the 
rate constants confirmed that this NHC borane is an excellent co-initiator for free radical 
polymerizations in the presence of air and water, using either UV or visible light activation and di-tert-
butyl peroxide as the radical initiator.   
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Jing et al. recently reported on the synthesis of benzyls via NHC-catalyzed benzaldehyde dimerization 
by using the alkyl-substituted benzimidazolinium salts 10a-g under normal air atmosphere (figure 
1.19). It was shown that air participates in the reaction by oxidizing the intermediate α-hydroxyketone 
to the benzyl ring. From the series of benzimidazolium salts used, that one holding an octyl group 
(10e) on both N-positions turned out to be the most active. Compound 10e was further investigated 
with different aryl aldehydes, giving mixed results.115 
 
 
 
1.8 N-HETEROCYCLIC CARBENES IN TRANSITION METAL CATALYSIS 
 
The huge development of NHC-metal complexes has been evident thanks to the coordination ability of 
the NHC to any transition metal, whether in low or high oxidation states. Moreover, NHC’s have shown 
coordination ability to elements from groups 1,2,13, 14, 15, 16 and 17 and even lanthanides. 116 this 
property makes NHC’s to stabilize metal centers for a wide range of organic syntheses (C-H 
activation, C-C, C-H, C-O and C-N bond formation). Reports on catalysis mediated by NHC-transition 
metal complexes appeared in 1996, with imidazolin-2-ylidene complexes 117,118,119. Later on several 
triazol-derived systems were reported, too.120,121 The main synthetic route to this kind of complexes 
was basically   salt metathesis and elimination122.  
 
Several researches around the globe, especially in Europe, began to understand the great potential of 
the NHC’s as supporting ligands in homogeneous catalysis, such asHerrmann,123 Enders,124 and 
Dixneuf and Cetinkaya125.126 The most common NHC’s that have been used in catalysis are the five-
membered ring imidazolylidenes,  imidazolinylidenes and triazolylidenes (see figure 1.4). The latter 
represent an outstanding class of organocatalysts,127 and the first two families have demonstrated 
impressively versatile in transition metal catalysis.128 This success in catalytic applications was 
realized to lie in the strong σ-electron-donating properties of the NHC’s, allowing for very strong NHC-
metal bonds, at the same time preventing decomposition of the catalyst.129 
 
The most outstanding applications of the late transition metal NHC-M complexes are depicted in table 
1.1. Although reports on the synthesis of NHC-M complexes from almost every transition metal have 
appeared, most of the catalytic applications use metals from group 8 to group 11 of the periodic 
table.130 The number of applications has seen an impressive increase from last 10 years, leading to 
whole research areas such as the application of NHC-Ru complexes on olefin metathesis reactions131 
N
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Figure 1.18 Photopolymer ization of acryl monomers catalyzed by
an NHC-borane as co-iniciator in water.
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and NHC-Pd complexes for C-C coupling reactions 132. New innovative applications of the NHC-Metal 
complexes are emerging every year and the inclusion of more metals is the future outlook in organic 
synthesis, overcoming the applicability of phosphorous-based organometallics in key areas of 
homogeneous catalysis. 
 
 
 
 
Table 1.1 Most representative examples of reactions catalyzed by NHC- Transition metal complexes 
 
Group Metal Chemical Transformation catalyzed by NHC-M transition Metal 
Complexes 
Group VII Technetium Silicon Activation 
Group VIII Iron Polymerization, Cyclization reactions, C-C bond forming reactions 
Ruthenium Polymerization, C-C bond forming reactions, Hydrogenation 
reactions, Isomerization reactions, Miscellaneous reactions 
Osmium Polymerization, Cyclization reactions, C-C bond forming reactions, 
Hydrogenation reactions, Isomerization reactions, Miscellaneous 
reactions 
Group IX Cobalt Cyclization,  Miscelaneous reactions 
Rhodium hydrosilylation reactions, hydrogenation reactions, hydroformylation 
reactions, arylation of carbonyl compound with boron reagents, 
cyclization reactions, Miscelaneous reactions 
Iridium Reduction reactions , oxidation reactions , hydrogen-deuterium 
exchange reactions, Miscelaneous reactions 
Group X Nickel Cross-coupling Reactions, Reduction Reactions, activation of Inert 
Bonds, Polymerization and related reactions, Cycloaddittion 
reactions, reductive couplings and related transformations, 
Reductive couplings and related transformations, Miscellaneous 
reactions. 
Group X Palladium  Cross-coupling, polymerization reactions, Allylic alkylation reactions, 
Carbonylation reactions, C-H bond activation reactions, 
Cycloisomerization reactions, 
Addittion reactions, Reduction reactions, Oxidation reactions, 
Telomerization reactions, Miscellaneous reactions. 
Platinum Hydrosilylation reactions, Miscellaneous reactions. 
Group XI Copper  Conjugate Addition reactions, Carbene Transfer, [3 + 2] 
Cycloaddittion Reactions, Allylic Alkylation Reactions, Diboration 
reactions and Related, Cross-Cloupling Reactions, Miscellaneous 
Reactions 
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Silver  Carbene Transfer reactions, [3 + 2] Cycloaddittion Reactions,  
Miscellaneous Reactions 
Gold Cycloisomerization reactions, Reactivity of propargylic Esters and 
related Substrates, Hydrofunctionalization of Alkynes, Allenes and 
Alkenes, Miscellaneous Reactions 
Group XII Zinc  
Polymerization reactions, Cycloaddittion 
 
 
 
 
1.9 NHC-Cu COMPLEXES IN CATALYSIS 
 
 
The first communication regarding catalysis by a NHC-Cu catalyst came to light in 2001, when the 
conjugate addition of ZnEt2 to enones by an in-situ catalyst composed by Cu(OTf)2 and a mixture of an 
imidazolium salt and KOtBu (figure 1.20 A) 133, following more publications reporting similar results for 
NHC ligands and copper salts. Later on, in 2003, the use of a well-defined NHC-Cu complex in 
catalysis was firstly reported. Using the ligand N,N’-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr), 
the conjugate reduction of α,β- unsaturated carbonyl compounds was performed by Cu-catalysts 
(figure 1.20 B) 
 
 
 
 
 
 
 
 
 
 
 
O
Et2Zn
O
HCl
O
R
R
O
R
R
+
IMes HCl/KOtBu
Cu(Otf)2
THF, -20oC, 30min
[Cu(IPr)Cl]/KOtBu
PMHS, Tol, rt, 1h
A)
B)
Figure 1.20 A) First example of NHC's in copper catalysis; B) First example of a well-defined Cu-NHC
complex used in catalysis, PMHS = poly(methylhydrosiloxane).
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Table 1.2 Most relevant applications of NHC-Cu complexes in catalysis 
 
	  
Reaction 
General considerations Example 
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Hydrosilylation 
After the discovery that  
[Cu(IPr)Cl] catalyzed the 
conjugate reduction of α,β-
unsaturated carbonyls, Nolan 
reported on the ability of the 
same compound to catalyze 
the hydroisilylation of carbonyl 
complexes. However, after 
some screening, it was shown 
that the Icy derivative (ICy = 1,3 
dicyclohexylimidazol-2-ylidene) 
in cationic (NHC)2Cu+PF6- 
species is the most efficient 
ancillary ligand in this reaction. 
 
Conjugate 
addition 
Well-defined NHC-Cu 
complexes and ligand-Cu salts 
mixtures have been 
successfully used in thi 
reaction. Using bulky NHC’s, 
enantioselectivities of up to 
83% with 0.1 mol% catalyst 
loading in 1 hour at room 
temperature and high to 
quantitative yields were 
achieved.262 
 
[3 + 2] 
cycloaddition of 
azides and 
alkynes 
NHC ligands proved high 
efficiency towards CuAAC, 
under aqueous or neat 
conditions. Experiments with 
bis(NHC)-Cu complexes 
showed participation of the 
second NHC ligands in the 
catalytic pathway . 
 
Allylic 
substitutions 
Hoveyda pioneered the use of 
NHC-Cu complexes in this 
reaction by transmetallation 
from the chiral NHC-Ag adduct. 
First using alkylzinc 
compounds as the alkylating 
agents, later by using 
organoaluminium agents, as 
well as using chiral 
monodentate chiral NHC’s with 
Grignard reagents to improve 
regioselectivity  
R
O
R'
N N
Cu
Cl
Et3SiH
Cu (3 mol%), KOtBu
MePh, 80oC
R
OSiEt3
R'
R = Alkyl, Ar
O O
R
chiral NHC-Cu
R_N3 + R'
N
R : Alkyl, Ar, Py, Ph, esther, aldehyde, amine,
N
Cu
N
N
PF6
0.5 mol%
neat, RT
N
N N
R
R'
1
R' OPO(OEt2) R'
RCuCl2. 2H2O (1mol%)
N N
Ph
Ag
ON
N
Ph
Ag
O
Ph
Ph
0.5 mol%
R Al(iBu)2
or
R Zn
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Carboxylations 
and 
carbonylations 
Starting with alkenyl/aryl 
boronic esters or alkyl 
boranes287, later more catalytic 
protocols were used for 
carboxylation of heterocyclic N-
H and aromatic C-H bonds and 
finally terminal and internal 
alkynes overcoming the need 
for harsh conditions and noble 
metals 
 
Carbene and 
nitrene transfer 
reagents 
Initial reports using  [Cu(IPr)Cl] 
to add carbene of diazoacetate 
to olefins, amines and alcohols. 
Later aziridination was reported 
by the use of Cu(II) complexes. 
It was demonstrated that 
neither CuCl nor CuCl2 
facilitated the reaction unlike 
the NHC-Cu(II) derivative.  
Other reactions 
Borylations, Hydrotiolations, 
hydroalk(aryl)oxylations and 
hydroaminations, Allene 
synthesis,  Sonogashira 
reactions and Ullmann 
arylations, Fluorination 
 
Ph Ph
N
NN
Cu
F
MesMes
CO2/Hydrosilane
H+ Ph
Ph
COOH
R(CN2)R'
R'X NR
R
R'
N
R
NHC-Cu (II)
NHC-Cu (II)
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CHAPTER 2 
 
N-HETEROCYCLIC CARBENE TRANSITION METAL COMPLEXES FOR CATALYSIS IN 
AQUEOUS MEDIA 
 
 
 
 
 
2.1 INTRODUCTION 
 
Over the past two decades, great achievements were made in catalysis using NHCs as ligands. 
Carbene complexes of late transition metals have been applied in many types of homogeneous 
catalytic reactions2, including olefin polymerization and metathesis by Ru-based catalysts (section 
1.3), hydrosilylation by Rh or Pt carbene complexes3, Ir catalysed hydrogenation and hydrogen 
transfer4,5,6 Pd catalysed carbon-carbon coupling reactions7,8,9 and an increasing number of 
enantioselective reactions.10,11,12 This type of reactions were traditionally carried out using phosphine 
based systems but NHC complexes exhibit some desirable properties not possessed by the former. 
Incorporation of NHC ligands improves the air and thermal stability of the complexes and makes them 
more resistant to oxidation. NHC's generally provide stronger bonding than the corresponding 
phosphines and unlike the latter remain bounded to the metal center throughout catalytic cycles13,14. 
Last decade has seen an increasing number of reports on the use of NHC-metal complexes for 
catalysis in water; therefore this chapter is aimed to introduce the whole research on this area, in 
which the use of water or aqueous/organic media is to be applied. Since the first discover of the NHC 
carbenes by Arduengo, work on the synthesis of NHC-metal organometallic compounds have 
revolutionized the field of catalysis, gradually displacing the typical phosphine and amine-type ligands 
in view of their higher stability and reactivity. Aqueous catalysis has become a hot topic in Green 
Chemistry due to the positive implications in the use of water as reaction media.1   
 
Designing of catalysts containing ligands with hydrophilic substituents has been the most common 
approach to constrain a catalyst into the aqueous phase of a biphasic reaction. Such ligands have 
been typically based on the phosphine derivatives and nitrogen ligands, however, increasing efforts 
are reported to the development of hydrophilic analogues such as N-heterocyclic carbenes (NHC).2 
Several NHC-containing transition metal complexes have been synthesized for catalytic reactions in 
aqueous media, however there is no document unifying the information concerning such compounds, 
making it an important study matter due to the increasing importance of the use of NHC-metal 
complexes for catalysis as well as the use of water as a green solvent for transition metal catalysed 
organocatalysis. 
 
 
 
2.2 GROUP 8 NHC-METAL COMPLEXES USED IN AQUEOUS CATALYSIS 
 
An enormous number of reports on the use of Ru-based catalysts have been reported. In this regard, 
Ru-(NHC) complexes have been the only metal-organic species reported as potential catalysts under 
aqueous conditions. 
 
 
2.2.1 Non-metathesis ionic Ru-(NHC) catalysts 
 
The first report on an aqueous-phase metal catalysed reaction was made by Özdemir using the Ru 
complex 11 shown in figure 2.1.15 This complex was prepared starting from the corresponding 
tetraaminoethylene 1A, which was reacted with [RuCl(µ-Cl)(η6-C6Me6)]2 providing the neutral diamine-
substituted imidazolin-2-ylidene complex (Scheme 2.1). Protonation with anhydrous HCl in ether gave 
the water-soluble diammonium salt 11. Attempts to synthesize the Rh derivative by reacting the same 
ligand with [RhCl(COD)]2 followed by protonation of the Rh(NHC)Cl(COD) were unsuccessful. 
Complex 1A was applied in the intramolecular cyclisation of (Z)-3-methylpenten-2-en-4-yn-1-ol into 
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2,3-dimethylfuran at 80 °C, under a biphasic toluene/H2O system. The complex showed a better 
activity than its organic analogue, keeping a high yield for at least five catalytic cycles (scheme 2.2).16 
 
 
 
 
	  
 
There have been quite few examples of catalysts from sulfonated-functionalized-NHC-metal 
complexes with metals different than Ag, Au or Pd. However, Peris group managed to synthesize the 
first sulfonated functionalized-NHC-based Ru catalysts 12 and 13 for isomization of allylic alcohols in 
water17 (figure 2.2, scheme 2.3) of which 12 is the most active catalyst. Nevertheless, the major 
contribution of this work is the capability of these catalysts to be recovered and recycled to a number 
of cycles depending on the catalyst loading and even without the use of an external base. So far 12 is 
the best performing catalyst due to its recyclability and no need for an external base compared with 
the rest of the reported catalysts. 
 
 
Ru
N
NMe2HN
NHMe2
Cl
Cl
Cl
Cl
Fig. 2.1Özdemir catalyst 1
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Non-ionic functionalized metal-NHC complexes possessing hydrophilic behaviour have also been 
synthesized, some of the first reports were made by Joó et al, by using the [bis(NHC)Ag]+[AgCl2]- 
adduct to prepare complex 14 via a carbene transfer reaction, which was subsequently transformed to 
complex 15  in aqueous media, scheme 2.4.18 Both complexes were found to dissociate in aqueous 
solutions into different ionic species by coordination with one or two water molecules resulting in two 
different charged species. This explains their special hydrophilicity, so either structures of 14 or 15 
adopt different configurations in aqueous solution. Complexes 14 and 15 were used in the 
hydrogenation of several substrates in both homogeneous and heterogeneous aqueous systems. 
Complex 15 was the most active one for several substrates, however it only showed a high selectivity 
for some of them. Complex 14 was further investigated for the redox isomerization of allylic alcohols in 
what it signified the first report of a water-soluble Ru(NHC) complex for this reaction in aqueous 
media. However, a trend towards a product distribution of isomerization and hydrogenation was 
observed at the same time, depending strongly on the pH and the chloride concentration of the 
aqueous phase (scheme 2.5). The highest selectivities and overall yields to carbonyls were obtained 
at pH 7 and 0.2M Cl. Likewise, complex 14 could be recycled for at least 4 times without significant 
change in activity and selectivity (table 2.1).19 
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Table 2.1 Recycling of catalyst 14 in the aqueous isomerization of 1-octene-2-ol 
Runa Conversion to 3-octanone (%) 
1 93 
2 91 
3 90 
4 89 
5 83 
6 36 
 [a] Conditions: substrate/cat ratio= 52; 4 ml 0.1M aqueous phosphate buffer pH 6.9; 
p(H2)=1bar;T=80°C; t=40min. 
 
Among Ru complexes, cyclopentadienyl-type ligands have gained popularity because of the electronic 
stability of the species that can be obtained and their important catalytic properties. Peris and co-
workers have synthesized different Cp-NHC-metal complexes with Ir, Rh and Mo, though they were 
not used for catalytic reactions until they reported on Ru complex 16 (figure 2.3).20 Complex 16 
showed excellent activity on the catalytic isomerization of allylic alcohols in water, without the need for 
any base as co-catalyst and a catalyst loading as low as 0.2mol% at 75°C. The yield dropped 
dramatically when a substituted β-C to the OH group was used, even with an elongation of the 
reaction time.  
 
 
 
 
 
2.2.2 Neutral Ru-(NHC) metathesis catalysts  
 
During the last two decades, one of the most studied C-C coupling reactions in both aqueous and 
organic solvents is olefin metathesis.21 The first studies of metathesis reactions in aqueous media 
applied the widely known 2nd Generation Grubbs and Grubbs-Hoveyda catalysts 17 and 18 
respectively (figure 2.4). Their first Generation homologues featuring tricyclohexylphosphine ligands 
are completely insoluble or only slightly soluble in water for olefin metathesis.22 From these studies it 
turned out that the Hoveyda catalyst 18 has an excellent efficiency in the Ring Closing Metathesis 
(RCM) of a variety of dienes in aqueous dimethyloxyethane (DME) and acetone (scheme 2.6). 
Furthermore, the use of different co-solvents, e.g. THF or 1,4-dioxane resulted in a much lower 
conversion. Blechert and Connon reported on the synthesis of two modified Hoveyda type complexes 
19 and 20 (figure 2.5), which were tested in the RCM of diallyl-tosylamine, and compared to 17 and 18 
23 (scheme 2.7). Catalyst 20 was able to perform RCM in different aqueous-organic solvent mixtures 
and, although complex 18 was also active, when the substrate loses its miscibility in the solvent 
mixture the overall yield was higher with complex 20. Moreover, complexes 18 and 20 were active 
only when solely methanol was used as the solvent (table 2.2). 
  
N
N
Ru CO
I
Ph
16
Fig 2.3. Cp-Functionalized NHC-Ru complex for isomerization of allylic alcohols in water
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Complexes 17 and 18 were further investigated as catalysts for metathesis reactions in 
heterogeneous mixtures containing water, either by using simple mechanical stimulus of acoustic 
ultrasonication for the formation of microemulsions24 or by using emulsifying agents or chemical 
surfactants25, both techniques were highly efficient in the Ring Opening Metathesis Polymerization 
(ROMP) of various hydrophilic and hydrophobic monomers (figure 2.6). Unfortunately, limitations were 
found applying the acoustic emulsification for metathesis reactions like RCM or CM, principally due to 
the low water-solubility of the substrates. The use of surfactants turned out to be the best technique for 
emulsion polymerizations as well as for RCM and Cross Metathesis26. These two-phase systems will 
be discussed later in this document. 
 
 
 
 
 
 
RuCl
Cl
PCy3
RuCl
Cl
O
17 18
Fig 2.4. Grubbs and Grubbs-Hoveyda metathesis catalysts
N N N N
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CO2Me
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CO2Me
Cl
HO
OH
18 (40 mol%)
18 (10 mol%)
DME/H2O 2:1
24h, RT
(CD3)2CO/D2O 2:1
6h, RT
85%
>95%
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Scheme 2.6. Metathesis in aqueous mixtures with catalyst 18
Cl
Ru
N N MesMes
O
R
19 : R= O-iPr
20 : R= CN
Fig 2.5. Blechert's complexes for aqueous metathesis reactions
Cl
Cl
N
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17-20 (3%mol)
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Scheme 2.7RCM of diallyl-tosylamine with catalysts
17-20
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Table 2.2 Conversions for the RCM of diallyl-tosylamine using catalysts 17-20. 
 
Solvent 
Conversion (%) 
17 18 19 20 
MeOH 94 60 96 20 
MeOH/H2O (3:1) 29 ---- 87  
MeOH/H2O (3:1)[a] 77  94  
DMF/H2O (3:1) 91  72  
DMF/H2O (1:1) 29  68  
DMF/H2O  (1:3)[a] 82  94  
[a] The substrate is not miscible with the solvent 
 
 
 
 
 
2.2.3 Ionic-tagged Ru-(NHC) metathesis catalysts  
 
Grubbs and Jordan managed to synthesize the metathesis active Ru-(NHC) complex 22, which holds 
two ammonium groups to ensure a good water-solubility. One ammonium group is α to the C-4 
position of the NHC ring of the Grubbs-Hoveyda 2nd generation type catalyst while the other is at the 
meta-position of the isopropoxy-styrene ring.27 Complex 22 displays a reasonable activity towards 
Ring Closing Metathesis (RCM) and Ring Opening Metathesis Polymerization (ROMP), however many 
disadvantages arose due to its limited activity towards certain substrates as well as low activity for 
Cross Metathesis (CM). One of the major disadvantages is the stability of 22 compared to other 
aqueous-metathesis catalysts. 
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O
O
O
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21F 21G
Fig. 2.6Hydrophilic (21A-E) and hydrophobic (21F-G) monomers for ROMP
polymer izations in water
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Following the investigation for a suitable and more convenient catalytic system for aqueous-phase 
olefin metathesis, several modified Ru-benzylidene, Grubbs 1st Generation analogues and 
allenylidene complexes bearing functionalized phosphines were synthesized28. Grela reported the first 
example of an ionic functionalized NHC-Ru catalyst in-situ (complex 24, scheme 2.8). Compound 23 
demonstrated a very low or no activity in normal organic conditions, however, the salt-complex 24 
formed in-situ by treatment with a Brønsted acid showed a very high activity in contrast with the 
uncharged complex 23. This activity change was possible due to the modification in the electronic 
properties of the new salt 24 holding a strong electron-withdrawing group  –(NEt2H)+, totally opposite 
from the originally electron donating group –(NEt2).28 
 
 
 
 
 
Extending the concept of switching the electronic properties along with changes in the solubility led to 
more research in this field. Grela and co-workers prepared catalyst 28 (figure 2.7) with a quaternary 
ammonium group, which was able to initiate metathesis reactions in organic media faster than the 
parent Hoveyda-Grubbs 19. Moreover, 28 could even promote promote RCM, CM and enyne 
metathesis in aqueous mixtures and in neat water.29 The most representative examples of ionic 
tagged Ru-NHC metathesis catalysts reported up to now, complexes 25 30, 26, 27,31 28 and 2932 are 
depicted in figure 2.8  along with the earlier described catalyst 1733; they all perform metathesis 
reactions in aqueous media. Tables 2.3 and 2.4 display a comparison of the activities of the different 
complexes bearing a quaternary ammonium group. From all these compounds, the early-presented 
complex 17 reported the best water miscibility while 25, 28 and 29 were only slightly soluble. 
Complexes 26 and 27, initially designed for use in ionic liquids, were not soluble in neat water. 
Complex 25 reported the best stability under normal conditions and also one of the highest yields for 
RCM in aqueous media applying high temperature. For RCM in neat water complexes 28, 29 and 22 
were compared (table 2.4). For the RCM of monomers 31a to 31b containing an ammonium centre in 
the allylic position, the reaction proceeds significantly slower with catalyst 28 than with complexes 29 
or 22. In general, the three catalysts perform RCM with relative high yields, however in some cases, 
using 29 and 22, side-products due to isomerization are generated. Complexes 22 and 29 are also 
active catalysts in the ROMP polymerization of monomers 21C-D in neat water, however 22 showed 
better stability under normal conditions.    
 
 
Ru
NN
H3N
Cl
Cl
O
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Cl
Fig. 2.7 Ammonium-tagged metathesis-active Ru-(NHC) complex
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O
Cl
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Et
Et
H
HA
Scheme 2.8 water soluble catalyst 24 from the pH responsive complex 23
23 24
A
HA: Brønsted Acid
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Table 2.3 Selected reactions mediated by catalysts 25-28 substituted with quaternary ammonium 
groups in aqueous media. 
Substrate Product Catalyst  
(mol %) 
Solvent t(h) T[°C] Conv. 
(%) 
 
 
 
25 (5) CD3OD/D2O 
2:1 
6 55 93 
26 (5) EtOH/H2O    
5:2 
24 25 50 
27 (5) EtOH/H2O    
5:2 
24 25 75 
28 (5) EtOH/H2O    
5:2 
24 25 83 
 
 
 
25 (10) CD3OD/D2O 
5:2 
6 55 >95 
26 (5) EtOH/H2O 
5:2 
0.5 25 99 
27 (5) EtOH/H2O 
5:2 
0.25 25 97 
28 (5) EtOH/H2O 
5:2 
0.5 25 99 
 
 
Table 2.4 Selected reactions mediated by catalysts 28,29 and 22, with quaternary ammonium groups 
in neat water. 
Entry Substrate Product Catalyst 
(mol %) 
t (h) T 
(°C) 
Conv. 
(%) 
1 
 
28 (5) 5 25 99 
2 29 (5) 24 30 > 95 
Ru
NHC
NMeEt2
O
R I
Ru
O
R
N
PF6
Ru
NHC
O
R
PF6
N
Ru
NHC
O
R N
Me3N
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
NHC
RuO
N
Ph
Br
Me3N
Cl
Cl
NHC
25 26 27
28 29
NHC= 1,3-b is-(2,4,6-trimethylphenyl)-
imidazolin-2-ylidene
R= i-Pr
Fig 2.8 Ammonium-functionalized NHC-Ru metathesis catalysts
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3 22 (5) 0.5 30 > 95 
4 
 
28 (5) 0.12 110 44 
5 29 (5) 24 30 > 95 
6 22 (5) 4 30 36 
(59) 
7 
 
 28(2.5) 3.5 25 > 99 
8 29 (5) 24 45 82 (4) 
9 22 (5) 6 45 69 
(12) 
10 
 
28 (2.5) 8 25 99 
11 29 (5) 24 45 92 
12 22 (5) 2 45 94 
 
 
 
 
2.2.4 In-water active Polymer-based Ru-(NHC) catalytic systems 
 
Simultaneous to the development of polymer-based NHC-Pd catalysts for Suzuki and Heck coupling 
reactions, olefin metathesis has been widely studied regarding immobilized Ru catalysts for aqueous 
metathesis reactions. Most of the systems that have been generated are polyethylene glycol (PEG) 
based-NHC-Ru complexes given the advantages of PEG owing to its intrinsic hydrophilic behavior.33 
The first report was given by Blechert et al.,34 who used a modified PEG named PEGA (polyethylene 
glycol-acrylamide copolymer) to obtain the polymeric catalyst 38 (figure 2.9) by an amide bond on the 
benzylidene ligand of the Grubbs-Hoveyda 2nd Generation catalyst. With this polymeric  catalyst 
system, metathesis of selected olefins was possible with good yields. Using 38, sterically hindered and 
electron deficient substrates only gave poor yields. RCM of the diallylammonium chloride, which had 
not been able to be cyclized by other catalysts, gave satisfactory yield in methanol (69%). When 
applying water as the solvent, 38 was weakly active even at 45°C for 12h, only 11% as maximum 
conversion was obtained. Grubbs and co-workers developed the PEG-functionalized-NHC-Ru 
complex 35, which was tested for ROMP of the exo-monomer 21C. A quantitative yield was obtained 
for the polymerization of the exo-monomer 21C by using acidic aqueous conditions (HCl/substrate 
1:1). Even for the challenging endo-21C, system 35 was able to polymerize this monomer in high yield 
(87%).35 The activity of catalyst 38 was higher compared to the previous water-soluble phosphine-
based catalyst 35 but was limited to its stability under acidic conditions. Emrick and co-workers 
developed the catalytic systems 36 and 37.36 System 36 was obtained as a mixture of unreacted PEG 
tagged-Pyridine ligand and was able to perform ROMP of monomer 22F under aqueous acidic 
conditions (pH≤2). Unfortunately, no control over the molecular weight and polydispersity was 
achieved. System 37 showed a similar behaviour than 36 with monomer 21F under acidic conditions. 
Addition of a phosphine scavenger, e.g. CuBr under neutral conditions provided satisfactory results in 
yields as well as PDI (˂ 2).36 More recently, Grubbs and co-workers developed the modified Grubbs-
Hoveyda second Generation 26 in order to get the PEG modified-NHC-Ru complex 34. The later is 
active and highly stable in water (no decomposition after one week in D2O).37 Complex 34 
demonstrated higher activity than the previous catalytic systems since substrates like the endo-
monomer 21C were easily polymerized in quantitative yield in water without the need for acidic 
conditions. RCM of several water soluble α,ω-dienes in water was also achieved with good to 
excellent yields with 34, similar results were obtained  for the self-metathesis of allyl alcohol and cis-
trans isomerization of cis-2-butene-1,4-diol by self-metathesis. Complex 34, however, was highly 
substrate-dependent, since it was unable to homodimerize other kind of water-soluble olefins even by 
using acidic conditions. 
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For non-PEG polymeric catalytic systems, Buchmeiser and Nuyken reported on the synthesis of the 
water-insoluble polyoxazoline-based copolymer 39 (figure 2.10), which was used for the 
polymerization of diethyl-dipropargyl-malonate, 40, under aqueous micellar conditions (scheme 2.9). 
The polymeric product 41, prepared as stable latex particles, showed a lower polydispersity index 
(<1.4) compared to the polymers acquired from non-immobilized catalysts in organic solvents.38 
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Fig 2.10 Polyoxazoline-based Ru-NHC complex for alkine metathesis in aqueous micellar conditions
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2.3 GROUP 9 METAL-NHC COMPLEXES (Co, Rh, Ir) 
 
Reports on aqueous catalysis applying metals from this group are scarcely found in the literature. The 
most recent examples of (NHC) metal complexes of group 9 used in aqueous phase were found for Ir 
and Rh.  
 
2.3.1 Water-soluble sulfonated-tagged Ir-(NHC) complexes  
 
Very recently, a sulfonated ligand precursor was introduced for the synthesis of the Ir complex 42 
(figure 2.11).39 An innovative blocking of the C-2 position of the imidazolium ring ligand by a methyl 
group changed the reactive sites of this ligand to the C4/C5 carbons, so that the new complex 43 
holds an "abnormal" bis-NHC type ligand, figure 2.11. Both "normal" and "abnormal" complexes turned 
out to be highly active in the reduction of CO2 to potassium formate, either by using hydrogen gas 
(1CO2:1H2 mol/mol, KOH 1N) or isopropanol as hydrogen source (50 atm CO2, iPrOH:H2O 1:9 v/v, 
KOH 0.5N), scheme 2.10 Comparison of the activity of complexes 42 and 43 with that of the non-
sulfonated complexes reported by Crabtree 40, demonstrated that the solubility in water has a key 
effect on the efficiency of the catalyst, giving rise to much higher TON's for the sulfonated complexes, 
and among them, complex 43 was the best performing catalyst using hydrogen and i-propanol as 
hydrogen source. Complex 43 displays the best activity reported so far for the reduction of CO2 with i-
propanol, and a comparable efficiency with the best catalysts using H2. Complexes 42 and 43 were 
also successfully tested on the deuteration of heterocyclic substrates using D2O as deuterating agent. 
For all the processes, complex 43 demonstrates that the bis-"abnormal" NHC-metal complexes exhibit 
a high stability and activity towards many chemical processes compared with the "normal" NHC-metal 
catalytic systems. 
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Scheme 2.9Cyclopolymer ization catalyzed by polymeric system 39
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2.3.2 Polymer-based Rh-(NHC) complex 
 
After the report from Nuyken on polyoxazoline-based Ru complex 39, Weberskirch used this polymeric 
precursor to immobilize a Rh-NHC complex in order get the amphiphilic block-copolymer catalytic 
system 44 (figure 2.12), which was used for the hydroformylation of 1-octene under an aqueous two-
phase system.41 NMR analysis revealed that two Rh-NHC complexes were linked to one polymer 
chain. Hydroformylation of 1-octene with a substrate:Rh ratio of 104:1 was able to provide up to 43.7% 
yield. A low selectivity was found for the n:iso, having the highest selectivity for the first run (n:iso ratio 
72:28). Recycling was possible up to 4 cycles until the TOF remained constant (2360h-1). Product 
separation from the aqueous solution was simply done by just decantation. Leaching experiments 
showed a negligible leaching of 4 ppm. The activity of 44 was limited to its water stability, since 
hydroformylation experiments followed by NMR showed that after 18h, 25% of the ester bonds which 
link the complex to the polymer, had hydrolysed, corresponding to 2.7% of rhodium loss after each 
reaction cycle of 2h.  
 
 
 
 
2.4 GROUP 10 METAL-NHC COMPLEXES (Ni, Pd, Pt)  
 
From group 10, extensive work has been made to C-C coupling reactions with Pd-(NHC) systems. The 
first sulfonic-tagged NHC-metal complex was initially reported by Herrmann in 1997.42 In 2006 
Shaughnessy et al. 43 reported on the synthesis of water-soluble alkyl sulfonate and alkyl carboxylate 
functionalized-NHC Ag complexes, along with the alkyl-sulfonate functionalized-NHC Pd complex 
shown in figure 2.13. However, these complexes were not tested in any catalytic reaction. The most 
significant contribution of Shaughnessy’s work was to provide good evidence that water can be used 
as solvent for the synthesis of NHC-metal complexes provided that the NHC precursor has a good 
compatibility with water, as was first described by Youngs in 200344. Later on, in this document, we will 
discuss the in-situ formation of a NHC-Pd complex as the catalytic active species in Suzuki coupling 
reactions in water.  
 
 
 
CO2 (50atm) HCOOK
42 or 43,
H2 or iPrOH
H2O, KOH, 80-200°C
Scheme 2.10 Reduction of carbon dioxide with catalysts 23 and 24 in water
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Fig 2.12 Amphiphilic Polyoxazoline-NHC-Rh catalytic system for
hydroformylation in an aqueous-organic biphasic media
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2.4.1 Pt-(NHC) catalysts 
 
Taking into consideration the feasibility for sulfonated NHC-precursor ligands to be introduced into any 
transition metal centre, Flores and de Jesus explored this possibility with a Pt(0) species, namely the 
commercial Karstedt® complex  [Pt2(dvtms)3] (dvs= 1,3-divinyl-1,1,3,3-tetramethyldisiloxane), and 
used it as starting material to isolate what was the first example of water-soluble NHC platinum (0) 
complexes 45 and 46 (figure 2.14).45 These complexes showed, as expected, high stability towards air 
and moisture, as well as high catalytic activity towards hydrosilylation of terminal alkynes with 
triethylsilane (scheme 2.11). Complex 46 showed higher catalytic activity than the Karstedt® complex 
for the hydrosilylation of phenylacetylene in water under the same conditions, and 45 had an 
intermediate efficiency. In most of the cases the regioselectivity was directed  to the β-E isomer with 
respect to the α isomers, however, 45 showed a lower selectivity than 46. Recyclability studies 
confirmed that 45 and 46 have a better recycling capacity than the Karstedt complex, however this 
ability is restricted to selected substrates. 
 
 
 
 
 
 
 
2.4.2 Ionic-tagged Pd-(NHC) catalyst 
 
The first report on in-situ generated sulfonic-functionalized NHC-metal complexes for Suzuki coupling 
reactions in water was made by Plenio’s group,46 the ligand synthesis started with the sulfonation of 
the corresponding anilines, followed by the diimine formation by reaction with 1,4-dioxane-2,3-diol. 
Reduction of the diimine to the diamine and cyclization of the later resulted in the desired zwitterionic 
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Fig. 2.13 First reported water-soluble Pd-NHC complex
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imidazolinium salts (scheme 2.12). In a similar fashion the mesityl analogue of the saturated NHC-
precursor 49 was synthesized (figure 2.15). 
 
 
 
 
 
The catalytic performance of such carbene precursors was tested as in-situ catalytic systems using 
Na2PdCl4 in water with KOH as the base for the Suzuki coupling reactions of different aryl chlorides 
with two different aryl boronic acids. 47B, 48B and 49 were the imidazolinium salts under investigation 
(table 2.5). The conversion rate was calculated as the average of two runs. From table 2.5, it is 
obvious that this kind of ligands, namely 48B and 49 are able to afford the Suzuki coupling products in 
almost full conversion with a catalyst load as low as 0.1 mol% for ligand 48B. These results proved 
that a high performance could be achieved for a catalytic coupling reaction in water when the NHC 
precursor holds a suitable affinity with water and thus, the formed catalytic species are stable enough 
to complete the reaction. A few years later Plenio et al. reported an alternative procedure for the 
synthesis of the same ligands in a one-step protocol by sulfonation of the respective imidazolium and 
imidazolinium salt with the sulfonating agent HSO3Cl47.  The results reveal that for the synthesis of 
sulfonated SiMes and IMes, this single step procedure is more convenient, however it is not applicable 
for the 2,6-ipropyl derivatives since a mixture of products is formed. In this new report the synthesis 
and isolation of the (NHC)PdCl(cinnamyl) complex 50 is presented by reaction of 4-sulfonated-2,6-
diisopropyl-phenylimidazolium salt 48B with [PdCl(cinnamyl)]2 in the presence of a base (scheme  
2.13). Such complex was tested for the Suzuki coupling in a solvent mixture water/n-butanol 1:1, 
displaying an improved reactivity with respect to the in-situ catalysts screened in the previous report, 
however its efficiency still remains below that of the non-aqueous coupling reactions. 
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Table 2.5 Suzuki coupling reactions with different aryl chlorides using 47B, 48B and 49. 
 
 
Entry Aryl chloride Boronic 
Acid 
NHC Mol% Conversion 
(%) 
1 4-chlorotoluene 4-Tolyl 49 1 >99 
2 4-chloroanisole 4-tolyl 49 1 >99 
3 4-chloroacetophenone 4-tolyl 49 1 >99 
4 4-chlorobenzonitrile 4-tolyl 49 1 >99 
5 4-chlorotoluene 4-tolyl 49 0.5 84 
6 4-chloroacetophenone 4-tolyl 47B 1 63 
7 4-chlorotoluene 4-tolyl 47B 1 56 
8 4-chlorotoluene 4-tolyl 48B 1 >99 
9 4-chlorotoluene 4-tolyl 48B 0.1 91 
10 4-chloroacetophenone 4-tolyl 48B 0.1 >99 
11 4-chlorobenzene-
sulfonamide 
4-tolyl 48B 0.1 >99 
12 4-chloroanisole 4-tolyl 48B 0.1 74 
13 4-chloroaniline 4-tolyl 48B 0.5 80 
14 2-chloropyridine 4-tolyl 48B 0.1 >99 
15 2-chloropyridine 1-
naphtyl 
48B 0.5 >99 
16 4-amino-2-
chloropyridne 
1-
naphtyl 
48B 1 85 
17 2-chloro-4-
methylquinoline 
1-
naphtyl 
48B 0.5 >99 
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On the quest for more efficient and stable water-soluble functionalized NHC-Pd complexes for Suzuki 
coupling reactions, Peris et al. recently isolated the complexes depicted in figure 2.16, which contain 
bis-sulfonate functionalized NHC’s, with a monodentate (51), a bidentate (52) and two pyridine-bridged 
pincer type ligands (53, 54).48 These complexes were used in the Suzuki coupling of the 4-bromo and 
4-chloroacetophenone (scheme 2.14). Complexes 51, 53 and 54 were very active in the arylation of 4-
acetophenone (above 90%) while complex 52 provides only a moderate yield (54%). However when 
more inert substrates were used, complex 51 turned out to be the most active catalyst. Unfortunately, 
complex 54 did not afford the best yields, which is contradictory to the predicted PEPPSI effect 
(Pyridine-Enhanced Precatalyst Preparation, Stabilization and Initiation). The catalytic activity of 
complex 51 is competitive for reaction systems performed under aqueous medium, but still lower 
compared to the catalysts that operate under non-aqueous media. Direct comparison of these results 
with those of Plenio’s group was not feasible since the yield in this work is determined from the 
products while Plenios’ reported conversion are calculated from the starting reactants.  
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Fig 2.16 Functionalized bis-NHC-Pd complexes
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2.4.3 Non-ionic-tagged Pd-(NHC) catalysts 
 
The Sonogashira cross-coupling reaction, along with olefin metathesis, has been deeply studied due 
to its great importance in the production of natural products, pharmaceuticals, biologically active 
molecules and molecular electronics. Pd catalyses the typical Sonogashira coupling reaction in a basic 
medium and in the presence of copper as co-catalyst. However, the intermediate copper-acetylide 
species makes the Sonogashira reactions sensitive to air and moisture, consequently efforts were 
made in order to avoid the use of Cu by enhancing the reactivity of the catalytic system, however an 
excess of amines had to be used. Recently, Ghosh and co-workers developed a series of catalysts as 
N/O-functionalized bis-NHC-Pd complexes 55-56 and their Py-NHC-Pd analogues 57-58 (figure 2.17) 
in order to study the PEPPSI effect (Pyridine-Enhanced Precatalyst Preparation, Stabilization and 
Initiation) on this class of complexes.49 From the resulting isolated yields given in table 6, it is clear that 
opposed to the so-called PEPPSI effect, complexes 55-56 exhibited better activity than their 
corresponding mono-NHC-Pyridine derivatives 57-58. The higher electron density in the Pd metal 
centre for complexes 55-56 compared to 57-58 is an acceptable explanation. This may promote more 
conveniently the oxidative addition of the aryl chloride, which is a key step in the cross-coupling 
reaction. Similarly, complexes 55-56 demonstrated comparable activities to the phosphine based 
precatalysts, which indeed require more strict and strong conditions as well as longer time reactions. 
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Table 2.6 Selected results for the Sonogashira coupling reaction (ArX, X=I) using catalysts 55-58. 
Cross coupling of Aryl halides (ArX, X=I) Yield  [a] 
Reagent Reagent Cross-coupled 
product 
55 56 57 58 
 
 
 
 
 
 
 
 
 
 
 
98 
 
84[b] 
 
4 
 
27 
 
80 
 
88 
 
76 
 
66 
 
75 
 
94 
 
42 
 
11 
 
97 
 
81 
 
Nr 
 
Nr 
 
85 
 
81 
 
28 
 
24 
[a] Reaction conditions: ArX , X=I (0.49 mmol), phenylacetylene (0.98 mmol), Cs2CO3 (2 mmol), cat (3 
mol%), CuBr (10 mol%), DMF/H2O (3:1, 10 ml), 100 °C, 2h. [B] Reaction time: 12h 
 
 
Following the investigations for a more suitable catalytic system aimed for amine and copper-free 
Sonogashira cross coupling reactions, Ghosh published a series of imidazoline and triazole NHC-Py-
Pd complexes 59-6450  (figure 2.18). DFT analysis of the complexes showed that the strong σ-
donating ability of the NHC ligand makes the pyridine a “throwaway” ligand by weakening its bonding 
with the Pd metal center. This work was the first example of well-defined NHC-metal complexes for an 
amine and copper-free Sonogashira coupling, showing good to excellent yields in an aerobic and 
aqueous media using CsCO3 as base instead of amines. This series of complexes was also tested for 
Hiyama coupling (scheme 2.15), displaying good yields comparable to the results of the in-situ 
complexes generated by LAC conditions (Ligand Assisted Catalysis) and circumventing the use of a 
fluoride co-initiator.  
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The same group later reported on an unusual variety of NHC-Pd complexes 65-68 with an abnormal 
NHC precursor for the desirable amine and cooper-free Sonogashira coupling (figure 2.19).51 DFT 
studies as well as FT-IR and single crystal X-Ray analysis proved that these complexes contain a 
more electron rich NHC-carbene moiety and therefore a stronger NHC-Pd bond than the “normal N-C-
N” NHC, which is generated due to the stronger σ-donating carbenic carbon of the “atypical” carbene. 
This represents the first report on the use of abnormal NHC-Pd complexes for Sonogashira cross 
coupling reactions (scheme 2.16). Specifically for aryl iodides and aryl bromides with terminal 
acetylenes in mixed aqueous media under the highly desirable Cu-free and amine-free conditions, 
complexes 65-68 completed these reactions very well  (scheme 2.16). Moreover, when aryl iodides 
and terminal acetylene were heated to 90 °C with 2 mol% of catalyst in DMF-H2O (3:1 v/v) a clean 
conversion was reached within 1h! 
 
 
 
 
 
 
  
Given the proven activity enhancement provided by the complexes with N-donor ligands, further 
research focused on the synthesis of more stable complexes containing both NHC and N-donor 
ligands. Chen was the first to successfully isolate pincer NHC-metal complexes with triazole and 
pyrimidine moieties as N-donor ligands (figure 2.20).52 From this series of complexes, the highly stable 
Pd complex 69 was used as catalyst for the Suzuki-Miyaura cross coupling reaction of 4-
bromoacetophenone and 4-bromoanisole (scheme 2.17), giving full conversion at 200°C within 20 
minutes using 1mol%! Knowing the extremely high reactivity of complex 69, double coupling of 
arylboronic acids with 1,1,-dibromo-1-alkenes were investigated. Trisubstituted alkenes were obtained 
in good to excellent yields in air atmosphere, with substrates holding both electron donating and 
electron withdrawing groups. 
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Palladium catalysts have been more investigated for Suzuki reactions than for any other coupling 
reaction. In this regard, aqueous Suzuki reactions have been a matter of study in recent years. Taking 
into consideration the enhancement of the catalytic activity of Pd coordinated to tridentate ligands, 
Dominguez and co-workers designed hydrophilic pincer complexes 70-73 (figure 2.21).53 Unlike 
previous C-N-C pincer complexes, 70-73 have a carboxylate moiety in the 4-position of the pyridine 
ligand, which provoke for their hydrophilicity. Complex 70 showed excellent catalytic activity for several 
aryl bromides in neat water, up to quantitative yields were provided with a catalyst load as low as 10-7 
mol%. Furthermore, this complex showed an extremely high stability under normal conditions and at 
high temperatures. Complexes 71 and 72 bearing an ester and carboxylic acid functionalization 
respectively, showed also very high yields at low catalyst loading. Experiments to reuse these 
complexes demonstrated that by increasing the reaction time in every run, it is possible to get 
reasonable yields. However by applying the same reaction conditions only complex 72 could be 
reused up to 5 runs with good yields. Tu and co-workers54 reported on complex 73, exhibiting an 
excellent activity for several substrates with catalyst loading as low as 5x10-3 mol %. However, 
recyclability experiments were moderate since only good yields were attained until the 3rd run. Still, 
complex 73 was successfully used as the first NHC-Pd complex catalysing the Heck reaction in neat 
water.55 From the results depicted in table 2.7 one can see that good to excellent yields are obtained 
except for the more sterically demanding 1-iodonaphtalene (entry 11) and the heterocyclic 3-
Iodopyridine (entry 12). The relative position of the substituent slightly affected the coupling process. 
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Fig 2.20 Non-symetrical-Pincer-NHC-Pd complex for Suzuki and double Suzuki coupl ing
reactions in water.
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Scheme 2.17 Double Suzuki-Miyaura couplings of 1,1-dibromo-1-alkenes with Aryl boronic acids.
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Table 2.7 Heck reaction of Iodo-arenes with tert-butyl acrylate 
catalysed by the pincer complex 73. 
 
 
 
Entry Iodo-arene Time (h) Yield 
1 4-iodotoluene 5 94 
2 4-idotoluene 18 >99 
3 3-iodotoluene 8 61 
4 2-iodotoluene 18 96 
5 2-iodoanisole 8 85 
6 1-chloro-4-iodobenzene 24 93 
7 1-fluoro-4-iodobenzene 18 96 
8 1-iodo-2-
(trifluoromethyl)benzene 
5 80 
9 4-iodoacetophenone 12 79 
10 1-ethyl-4-iodobenzoate 8 87 
11 1-iodonaphtalene 8 29 
12 3-iodopyridine 8 3 
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Fig. 2.21 Pincer bis-NHC-Pd complexes for Suzuki coupling in neat water
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Another important contribution to the development of Heck coupling reactions in water was made by 
Gücelmal et al.,56 who developed a series of ligands based on N-oligoether-substituted 
benzimidazolium bromides 74-84 (figure 2.22) and used them as in-situ precursor catalysts in 
conjunction with Pd(OAc)2 and Cs2CO3 in the Heck coupling of styrene and 4'-bromoacetophenone in 
water. Exploiting the ligand precursors 75 and 77, the synthesis of the preformed catalysts 85 and 86 
was possible by carbene transfer from the Ag-NHC adducts. Catalysts 89 and 90 were synthesized 
directly from the cleavage of the dimeric complexes 87 and 88 respectively by reaction with PPh3, 
scheme 2.18. 
 
 
 
 
 
Table 2.8 illustrates the most representative yields for the Heck coupling reaction of styrene and 4'-
bromoacetophenone in water.  Surprisingly, preformed catalysts 85-86 and 89-90 turned  out to be 
less active than the in-situ generated catalytic systems, here presented in comparison with the ligand 
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precursors 75 and 77. This behaviour could be explained due to the presence of the species AcO-
/AcOH in Pd(AOc)2 used as the metal precursor. Indeed, it is clear that the longer oligoether chain, the 
bulky N-benzyl substituents and the presence of methyl groups in the benzimidazole ring have a 
positive effect on the catalytic activity of both in-situ and preformed catalysts. 
 
 
 
 
 
 
 
 
 
 
Table 2.8 Heck coupling reaction of styrene and aryl bromide 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hor and co-workers reported on the synthesis of a benzimidazol-functionalized NHC-Pd complex 92 
synthesized from the Ag adduct 91 in good yields57 (scheme 2.19). Complex 92 displayed good to 
excellent catalytic activity towards Suzuki coupling reactions when these were carried out in a polar 
solvent. However when water was added as co-solvent, the yield increased compared to that of sole 
organic solvent, and decreased again when neat water was used as the sole solvent. Nevertheless, 
the main contribution of 92 was the ability of performing such coupling reactions at room temperature, 
and its tolerance to a wide range of functional groups making it a valuable material for sensitive 
substrates. The catalytic performance of complex 92 had already reached its maximum at a reaction 
time as short as 1h, with a catalyst loading of 0.2% mol. Despite these advantages, this complex was 
highly active only with aryl bromides, since aryl iodides required a higher catalyst loading as well as 
longer reaction times and the use of TBAB (tetrabutyl ammonium bromide) as an additive in order to 
achieve yields not higher than 61%. Following the work for the development of suitable NHC-Pd 
catalytic systems in combination with PEPPSI effect for reactions in aqueous systems, Cetinkaya and 
co-workers developed a series of NHC-Pd complexes with a carboxylate-functionalized pyridine 93 to 
95a-c and bicarboxylate-pyridine 96a-c from the parent di-nuclear complex [PdBr2(NHC)2]2 (figure 
2.23), all of these complexes were insoluble in non-polar solvents but soluble in DMF, ethanol, and 
water.58 Suzuki couplings at room temperature with complexes 94 and 96 exhibited high yield for the 
homocoupling of the arylboronic acid, however, the yield for the desired coupling product increased 
with temperature, reaching at 100°C their maximum yield. In general complexes 93a-c and 96a-c gave 
the highest yields meanwhile 94a-c and 95a-c gave moderate to good yields.  
 
 
 
Br
O
O
[Pd] (1.5mol%)
H2O, Cs2CO3
+
Entry Catalyst Yield (%) 
1 75A 84 
2 75B 88 
3 77A 92 
4 77B 95 
5 85A 56 
6 85B 59 
7 86A 61 
8 86B 63 
9 89A 73 
10 89B 80 
11 90A 77 
12 90B 81 
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The scope of NHC-Pd complexes for Suzuki reactions was further extended to a more robust class of 
complexes that still remains scarcely investigated. Huynh reported on the synthesis of the dimeric 
[PdBr4(NHC)2]2 97,59 (figure 2.24) which was fortuitously obtained in an attempt to synthesize the 
respective monomeric Pd-NHC complex, by reaction of the respective benzimidazolium salt with 
Pd(AcO)2 in the presence of 4 eq of NaBr in DMSO at 90 °C. This dimer was further cleaved to three 
different monomeric species using acetonitrile, starting benzimidazolium salt and triphenylphosphine, 
though only the catalytic activity of 97 was investigated. Standard experiments with 4-
bromobenzaldehyde and phenylboronic acid to study the effect of the solvent showed that 
acetonitrile/water and neat water gave the best yields with a catalyst loading of 0.5 mol%, at room 
temperature and a reaction time of 6h. Experiments with neat acetonitrile did generate poor yields, 
therefore water turned out to be the sole solvent for the catalytic reactions. When higher temperatures 
were necessary in order to obtain better yields with non-activated aryl bromides, adding TBAB was 
useful since quantitative yields were attained for aryl bromides at 85°C, conversely low yields 
prevailed with aryl chlorides. 
In order to get more active catalysts for Suzuki coupling reactions, Huynh reported on the synthesis of 
the dimeric sulphur bridged complex 98 from the corresponding thiol-functionalized benzimidazolium 
salt by two different procedures.60 Complex 98 was subjected to further treatment with an equimolar 
amount of AgO2CCF3 to afford the trifluoroacetate substituted complex 99. Attempts to alkylate 
complex 98 with Me3OBF4 were unsuccessful and instead of the desired product, a tetrameric sulphur 
and bromide-bridged complex 100 was obtained. Studies of the influence of temperature and solvent 
on Suzuki coupling showed that water is the preferred solvent since it is able to afford high yields with 
a reaction temperature as low as 60°C, below this temperature the yield drops dramatically. 
Comparing the catalytic activity of complexes 98 to 100 exposed that complex 99 has the best 
catalytic performance probably due to its more labile trifluorocarboxylate group. Table 2.9 displays the 
yields for Suzuki coupling reactions of several substrates using complex 99. Good activities were 
attained with activated Br substrates, for non-activated substrates higher catalyst loadings and 
temperature were needed. Poor activities were displayed with aryl chlorides, requiring TBAB as a 
promoter to raise the activity. 
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Table 2.9 Suzuki-Miyaura coupling of several aryl halides catalysed with 99. 
 
Entry Aryl halide Cat. Load 
(mol%) 
Temp 
(°C) 
T (h) Yield 
(%) 
TON 
1 4-bromobenzonitrile 0.001 60 24 >99 100 000 
2 1-bromo-4-nitrobenzene 0.001 60 42 90 90 000 
3 4-bromobenzaldehyde 0.001 80 23 >99 100 000 
4 2,6-dibromopyridine 0.0025 100 48 >99 20 000 
5 4-bromotoluene 0.0025 100 20 97 38 800 
6 4-bromoanisol 0.0025 100 24 86 34 400 
7 1-bromo-4-
chlorobenzene 
0.0025 100 24 72 28 800 
8 4-chlorobenzaldehyde 0.1 100 72 41 410 
 
 
Recently, Luo and collaborators published on the catalytic properties of a bis-NHC-Pd complex 101 
derived from caffeine (figure 2.25), on Suzuki, Heck and Sonogashira coupling reactions in aqueous 
media.61 Although there have been more publications about the synthesis of NHC-metal complexes 
deriving from caffeine as a readily available xantine from natural sources, this is the first time that the 
catalytic properties of this novel class of compounds were investigated. Suzuki coupling reactions in 
water gave good yields as the temperature reaction was increased up to 65° and KOH used as base, 
addition of sodium tert-butoxide as base gave similar yields at room temperature. Sonogashira 
reactions require a non-ionic surfactant like Brij-30, sodium t-butoxide as the base and temperature as 
high as 90°C to improve the catalytic activity. For Mizuroki-Heck reactions, the use of KOH, K2CO3 or 
Et3N as base was adequate to acquire the desired coupling product in more than 90% isolated yields. 
A catalyst load of 2 mol% was indispensable for all the reactions. 
 
 
Pd Pd
Br
Br
Br
Br
N
N
N
N Pd
Pd
S
S
Br
Br
N
N
N
N
Ph
Ph
Pd Pd
S
SO
N
N
N
N
Ph
Ph
O
CF3
CF3
Pd
Pd Pd
Pd
Br
Br
N
N
N
N N
N
N
N
S
S
S
S
Ph
Ph
Ph
Ph
2BF4
97 98
99
100
Fig 2.24 Dinuclear and tetranuclear NHC-Pd complexes for Suzuki-Miyaura coupl ings in aqueous media
O
O
63	  
	  
 
 
 
 
Lu and co-workers reported on the synthesis of imidazolium salts derived from N-phenyl and N-benzyl 
substituted proline from which complex 102 and 103 were synthesized (figure 2.26) 62. They found out 
that substitution on the N-atom of the proline ligand precursor affects the coordination pattern of the 
Pd centre. In order to prove this, the dinuclear Pd(NHC) complex 104 holding a NHC-substituted 
proline ligand was isolated.62 This indicated that non-electron rich substituents on the N-atom of the 
pyrrolidine ring give place to dimeric species, possibly due to a combination of electronic and steric 
effects around the N atom. Interestingly, when a phenyl group was inserted in the N-position of the 
proline ligand precursor, a cleavage of the C-N bond occurred, originating a second N-donor ligand, 
which was coordinated to the Pd centre as methylimidazol (102, figure 2.26).   
 
Complex 102 was screened as a catalyst for C-C coupling reactions of benzoic anhydride with phenyl 
boronic acids. Preliminary experiments showed that NaHCO3 as base and 36hr of reaction time at 
room temperature were the most suitable reaction conditions. In general, electron-donating 
substituents on the phenyl boronic acid gave lower yields than electron withdrawing groups, the best 
yield (84%) was found for the 4-chloro substituted phenylboronic acid. Complex 103 was used as 
catalyst for the Suzuki coupling reactions of a variety of aryl bromides and aryl iodides with aryl 
boronic acids at room temperature (scheme 2.20). Good to excellent yields were achieved with no 
influence of the electronic properties of the substrates and with a minor steric influence on the overall. 
yields. However, complex 103 failed when tested for coupling with aryl chlorides, since yields no 
higher than 43% were obtained using stronger conditions (refluxing water and 0.5mol% of catalyst). 
Medium scale reactions (10 mmol of substrate) were performed without a significant decrease in yield. 
 
 
 
 
 
The catalytic activity towards Mizuroki-Heck coupling reactions in water (scheme 2.21) was tested for 
complex 104. The complex showed moderate to good performance when NaOtBu was used as base 
instead of direct NaOH, which confirms that the hydrolysis of NaOtBu increases the activity of the 
complex, Also the use of iodo-arenes with electron withdrawing groups as substrates has a positive 
effect on the yield of the reaction. 
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Since the C-C coupling reactions of aryl chlorides remained unsuccessful with complexes 102, 103 
and 104, Shao's group used a symmetric imidazolium salt as ligand precursor to isolate the complex 
105 (figure 2.27).62 105 was able to perform Suzuki-Miyaura couplings of aryl and heteroaryl chlorides 
with different arylboronic acids using t-BuOK, water at 80°C and reaction times ranging from 12-24h. 
Good to excellent yields were obtained with no selectivity for substrates as a result of their steric or 
electronic effects. It is also interesting to note that complex 105 is competitive with the best catalytic 
systems reported so far under non-aqueous conditions. 
 
 
 
The investigations for new functionalized NHC-metal complexes for use in aqueous catalysis led to a 
new field where molecules with biological importance were investigated. In this regard, sugars were 
one of the first type of biomolecules investigated because of their biological activity, but also because 
of their increased solubility in water caused by their multiple hydroxyl groups.63 The last property has 
motivated the research on the use of ligands of this kind as chiral auxiliaries for catalysis. Lin and co-
workers have reported on the synthesis of glucopyranoside-incorporated NHC-Pd complexes 106-108 
(figure 2.28) which were used for Suzuki coupling in water.64 The ligand synthesis started from the 
reaction of imidazole with the sugar 1-methyl-2,3,4-tri-O-Benzoyl-6-bromo-6-deoxy-α-D-
glucopyranoside followed by reaction with the respective alkyl halide to give the imidazolium salt. The 
latter was converted into the carbene bis(NHC)-Ag adduct with Ag2O and transmetalated to Pd using 
PdBr2, the hydrolysis of the resulting product yielded 106-108 in good yields. Complexes 107 and 108 
showed good catalytic activity in Suzuki-Miyaura coupling reactions in aqueous solutions especially 
when sodium methoxide was used as base in the coupling reaction of p-bromobenzoic acid with 
phenylboronic acid using 0.05 mol% of catalyst load. With hydrophobic substrates like 2-chlorophenol, 
TBAB was needed as auxiliary base in order to reach yields as high as 94%. These complexes were 
suitable for recycling up to three cycles keeping good yields. 
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2.5 POLYMER-BASED AND SOLID-SUPPORTED PD-(NHC) CATALYSTS 
 
Due to the disadvantages involved in the use of homogeneous catalysts like difficult separation and 
recycling of the catalyst, leading to contamination of the products, high productions costs and an 
important environmental damage due to the use of organic solvents, several catalytic systems have 
been developed in order to avoid such difficulties. Webberskirch and co workers developed a complex 
amphiphilic catalytic system based on 2-oxazoline diblock co-polymer 109a-c bearing monomeric 
NHC-Pd complexes, figure 2.29. 109a-c were synthesized by co-polymerization of 2-oxazoline 
derivatives, including an oxazoline-functionalized–Bis-NHC-Pd complex with an alkyl chain spacer 
bearing a piperidine terminating unit. Dynamic Light Scattering analysis proved that micellar 
aggregates were formed with hydrodynamic radii of particles between 10-30nm. In a first approach, 
the polymeric macroligands 109a-c were tested in the Heck reaction of styrene with iodobenzene 
(scheme 2.22). In a micellar catalytic fashion, using short reactions times, TOF as high as 570 for 
copolymers 109b-c and low concentrations of by-products were obtained, indicating a high catalytic 
activity. The length of the alkyl chain spacer in 109a seems to be too short to separate the catalyst 
sufficiently from the polymer backbone and as a result it requires a longer time to accomplish the 
same performance as 109b-c. Nonetheless, catalytic recycling of these copolymers was only 
affordable for the first three cycles, what was thought to occur because of the inefficient phase 
separation of the catalytic species and solvent, making the next substrate loading less soluble.65 
 
 
 
Further investigation of this catalytic system showed that both, base and temperature, play a major 
role on the performance, as well as the catalyst loading. Experiments with bromoarenes were 
unsuccessful and gave low yields. Suzuki coupling of bromobenzenes with phenylboronic acid showed 
that 109a-c possess better catalytic activities for this reaction than for Heck coupling, displaying a TOF 
of up to 5200h-1.65 Once more, temperature and catalyst loading played a significant role on the 
catalytic activity. 
 
 
 
 
 
Among the polymer supported NHC-metal complexes for catalysis in aqueous media, Lee and co-
workers have reported on the synthesis of the simple polystyrene based NHC-Pd complex 11066 which 
was able to perform Suzuki couplings reactions in excellent yields with the non activated phenyl iodide 
and phenylboronic acid (figure 2.30). When using activated aryl iodides the yield decreased, 
moreover, in all cases mixtures of DMF:water had to be used in order to achieve the highest yields 
while applying neat water lead to poor yields. In order to overcome the limitations on the reactivity of 
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Fig 2.29 Poly(oxazoline) based copolymer catalytic system for Heck and Suziki couplings
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Scheme 2.22 Heck coupling of styrene and iodobenzene with copolymers 109a-c .
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the catalytic system, the polymer-based system 111 with a similar structure as 110 was reported by 
the same group. The difference of 111 lies in the hydrophobic ionic liquid moiety and the 
polymerization technique used.  System 111 was synthesized by suspension polymerization using 
styrene as the organic phase, getting a polystyrene grafted resin bed (PS) in which the poly-
(methylimidazolium-methylstyrene) chloride was deposited on surface, followed by complexation with 
Pd(AcO)2 in DMSO. The resulting active polymer resin was able to perform highly efficient Suzuki 
couplings with a variety of iodobenzenes and phenylboronic acid at 50 °C. Unfortunately, the reaction 
led to a poor yield when neat water was applied as solvent. Reusability of system 111 was achieved 
up to 10 times at the optimal conditions. Couplings between activated and deactivated aryl iodides and 
bromides with electron deficient arylboronic acids were also achieved very rapidly under mild 
conditions.  
 
In an attempt to overcome the problem of water miscibility, the Polystyrene-Polyethylene glycol-NHC-
Pd species 112 was reported later by the same group66, where the PEG moiety provided a better 
water miscibility and converted this species into an amphiphilic catalytic system. For this purpose 
Merrifield Resins© PEG-200 and PEG-600 were used as the hydrophilic polymer matrix. PS-PEG-600-
NHC-Pd  112 provided excellent yields for activated and non-activated aryl iodides under mild 
conditions by using water exclusively with only a negligible amount of DMF for dissolving the 
substrate. Indeed, recycling of the catalyst was possible up to 5 cycles keeping good yield. 
 
 
 
In 2005, Sharpless and co-workers presented the concept “on-water” to explain the unusual reaction 
rate enhancement compared to the same reaction in an organic solvent or under solvent free 
conditions. This concept allows not only for a better reproducibility but also a more convenient product 
separation from the media.67 Quite recently, Bhanage et al. reported on a new catalytic use for the 
polymer-supported-Pd-NHC 110 on the chemoselective conjugated reduction of α,β-unsaturated 
carbonyls by using HCOONa as hydrogen source and water as the solvent (scheme 2.23).68 
Surprisingly, water had an extra effect on the conversion and selectivity, since organic solvents 
provided much lower reaction yields and even aqueous mixtures gave lower yields than water itself. 
Electron-donating and electron-withdrawing enones all gave excellent yields of the corresponding 
ketone; α,β-unsaturated aldehydes heterocyclic enones were also successfully reduced. However, 
conversion decreased considerably when aromatic α,β-unsaturated amides and enoates were applied. 
Successful recyclability was achieved at four cycles without significant lose of activity and selectivity. 
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In order to reach the advantages of the homogeneous and heterogeneous catalysts, Hagg and co-
workers reported on the synthesis of the water soluble species 113 and 114 (figure 2.31), based on 
hyper branched polyglycerol and polyethylene glycol respectively.69 The main advantage of the 
dendritic structure in 113 is its solubility in a huge variety of solvents ranging from toluene to water and 
the possibility of running continuous reactions in membrane reactors. Catalyst 113 contained 65 Pd 
centres per polyglycerol molecule. Both the dendritic catalyst 113 and the linear 114 showed full 
conversion for Suzuki couplings at high concentrations of catalyst with TON of 59 000 for 113 and 
50000 for 114. Reusing 114 was not feasible due to the difficult separation of the catalyst from the 
substrates. In contrast, 113 was able to perform catalytic reactions with excellent yields for up to 4 
cycles. Using pyridine boronic acids and other less reactive substrates, the dendritic catalyst 113 
turned out to be the most active catalyst. Therefore, in terms of activity, recyclability and stability, 113 
was the best performing catalytic system for Suzuki coupling.69 
 
 
Organic-Inorganic hybrid materials have gained a great deal of attention due to their high stability 
against hydrolysis and thermal decomposition as well as their tuneable electronic and chemical 
properties, yet their catalytic properties have barely been explored. Karimi and co-workers reported 
first on the synthesis of the NHC-based organometallic Polymer (NHC-MCOP) 115, and investigated 
its potential application on Suzuki coupling in water (figure 2.32).70 This polymeric catalyst showed an 
excellent activity for aryl iodides and a quite high efficiency even for the deactivated aryl chlorides and 
aryl fluorides. An average yield of 92% was obtained after 6 cycles for activated aryl chlorides. In a 
further report NHC-MCOP 77 was compared with the newly synthesized 116 and 117 NHC-MCOP. 
From those results, it turned out that the benzyl and alkyl groups of the NHC ligands played a key role 
in the catalytic behaviour of these species.  In general, NHC-Pd-MCOP 117 displayed the highest 
efficiency even with the most challenging substrates, e.g. 2-substituted aryl bromides, and a 
recyclability of 4 cycles without any loose of activity. Hot filtration experiments, as well as poisoning 
and catalytic screening with a monomeric analogue demonstrated that the catalytic species works in a 
partially heterogeneous fashion with the formation of trace amounts of Pd nanoclusters. The increase 
of the catalytic activity in case of 117 is due to the high concentration of coupling partners in the 
hydrophobic region of the polymer capsules producing an improved contact with the Pd 
nanoclusters.70 
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Scheme 2.23 Chemoselective hydrogenation of α,β-unsaturated carbonyl compounds with catalyst 110
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In order to overcome the limitations involving the number of reactions cycles in which 115-117 can be 
used with high catalytic activity, MCOP 115 was modified by exchanging the N-benzyl group in the 
benzymidazole ring (R in figure 2.32) by triethylene glycol moieties (TEG's), generating the water-
soluble NHC-Pd-MCOP 118, (figure 2.33). The new polymeric species, with an average molecular 
weight of 107 000 Da exhibited good to excellent yields in the Suzuki coupling reactions of substituted 
aryl bromides and aryl halides, including deactivated and hindered substrates with aryl boronic acids 
at room temperature. More sterically hindered substrates required higher catalyst loadings and 
temperatures up to 80°C. The new TEG substituted MCOP 118 showed better activity than its 
congener 115, which demonstrates that the triethylene glycol moieties have a positive effect on the 
catalytic performance of 115. Simple extraction with hexane and purification by dialysis allowed a total 
of 17 subsequent reaction cycles with 4-chlorobenzaldehyde and phenylboronic acid with a consistent 
yield of ca. 90%. Finally, poisoning experiments with Hg revealed that no Pd nanoclusters are 
responsible for the catalytic activity, different than MCOP's 115--117. 71 
 
 
Inorganic supports for organometallic catalysts have been investigated parallel to the developments 
on polymer supported catalytic systems. The first reported work on inorganic-supported-NHC-
Transition metal complexes for aqueous catalysis was made by Zhang and co-workers.72 By reacting 
Pd(AcO)2 with ligand 119 (figure 2.34) in dichloroethane for 24h followed by addition of silica or 
alumina to the reaction mixture, a silica or alumina-supported Suzuki coupling catalyst system was 
obtained. Attempts to get good Suzuki coupling reactions in neat water by reacting Pd(AcO)2 and 119 
failed to afford good yields. On addition of the inorganic support, the catalyst became stable enough to 
perform coupling reactions without the need of phase transfer agents. This system has the possibility 
to work on an industrial scale because of its high stability; however the reusability is limited to 3 cycles.  
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Silica has been widely used as inorganic support for a huge variety of catalysts, owed to its special 
electronic properties as well as its high stability and occurrence. Jin developed a method to synthesize 
a NHC-Pd complex supported to a silica matrix 120 by reacting silica gel (Merck@ 9385) with 
triethoxysilylpropylimidazolium chloride followed by reaction with Pd(OAc)2 in DMSO (figure 2.35).73 
ICP analysis yielded a 3.65 atom% of Pd in the sample, which is equal to 3.34mmol of Pd anchored 
on 1g of 120. Excellent catalytic activities of this system were achieved even with a Pd loading as low 
as 0.01% and mild conditions for activated and non-activated aryl bromides in DMF:H2O 1:1 (v/v). In 
many cases a quantitative yield was obtained by increasing the reaction time up to 1h. These high 
yields were limited to aryl bromides, since reaction times of 12hr were needed in order to achieve 
good yields with aryl chlorides, and a poor activity was found for substituted aryl chlorides. 
Recyclability studies of 120 with iodobenzene and 1-bromo-4-nitrobenzene with phenylboronic acid 
demonstrated that this system can be used up to 6 cycles without significant loose of activity, besides, 
no Pd leaching was detected. Molecular polyoxometalates (POM’s) are another interesting option for 
inorganic supports for heterogeneous catalysts due to their stability and polyionic properties like the 
Keggin Polyanion [γ-SiW10O36]8-, used by Albrecht. Bonchio and co-workers,74 managed to synthesize 
the catalytic system 121 (figure 2.36), by anchoring the trialkoxysilyl-functionalized-bis-NHC-Pd 
complex to the mentioned Keggin polyanion. Characterization by FT-IR, 1H, 13CC, 29Si and 183W, as 
well as XPS spectroscopy and DFT experiments demonstrated the identity of the catalytic species, 
where the halide ligands were in trans configuration.  
 
 
 
The catalytic behaviour of this species was investigated for a number of phenyl halides in DMF:H2O 
1:1 (1/1) and under microwave induced dielectric heating (75-80°C), chosen due to its proven 
advantages towards polycharged catalysts. Aryl bromides and iodides were efficiently converted into 
their diphenyl-coupled product with phenylboronic acid in a range of 80-99% yield. TON and TOF 
numbers of 1980 and 11880h-1 were reached respectively. Since aryl chlorides required a higher 
catalyst loading, dehalogenated by-products were present in a relevant amount. Optimization of the 
necessary conditions to make dehalogenation the major product yielded high conversion for only 
activated aryl chlorides. 
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The use of ionic liquids as alternative and eco-friendly reaction solvent has led to increasing 
investigation in this field.75 Jin and co-workers developed a catalytic system based on Fe3O4 
nanoparticles coated with the ionic liquid [BMIM][PF6]. Immobilizing the NHC-Pd complex (cat, figure 
2.37) into thin layers of [BMIM][PF6] (IL), coated on the surface of nano-sized Fe3O4, resulted in the 
catalytic NHC-Pd immersed into an ionic liquid functionalized-Fe nanoparticles 122.76 Catalytic system 
122 demonstrated an excellent efficiency with activated and non-activated aryl bromides by adding 
TBAB as phase transfer agent in a range of temperatures from 40 to 90°C and 0.5mol% of active 
species in neat water. Reusability was studied with 4-bromoanisol and phenylboronic acid, which 
afforded excellent yields until the fifth run. The simple separation of catalytic system 122 from the 
reaction mixture by external magnets is one of its main advantages that make it a potential candidate 
for industrial-level reactions. 
 
 
 
 
2.6 GROUP 11 M-NHC COMPLEXES (Ag, Au, Cu) 
 
From the reports published so far, all the members of this group have released at least one publication 
concerning the synthesis of NHC-M complexes and their use in catalytic reactions. Ag-(NHC) 
complexes have been widely mentioned as carbene transfer agents, but their use as catalysts has 
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been quite limited. Au and Cu catalysts are widely reported in the literature, but still there is quite few 
publications regarding their use in catalysis under aqueous conditions using NHC-based systems. 
 
2.6.1 Ag and Au-(NHC) complexes 
 
New catalytic applications of the water-soluble ionic-tagged Au-(NHC) complexes were found very 
recently. Joo et al 77 isolated different sulfonated functionalized zwitterionic imidazolium salts 123A-F 
(figure 2.38) as precursor ligands for carbene transfer reactions from their respective Ag complexes 
(124A-F). Ag complexes (124A-F) were synthesised in order to get the Au(NHC)Cl complexes to be 
used as catalysts for the hydration of terminal alkynes in aqueous media. Scheme 2.24 shows the 
formation of the Ag adducts from 123A-F, from which complexes 124B and 124E-F were not isolated 
and were used immediately as prepared (table 2.10). The carbene transfer reactions to [AuCl(tht)] 
were performed in a similar mode as those for the synthesis of the Ag adducts 124A-E (scheme 2.25). 
The single complex [AuCl(NHC)] 125F, could not be obtained, instead a bis(NHC)-Au complex was 
formed (see table 2.11).   
 
 
 
 
Table 2.10 Isolated yields from the synthesis of complexes 124A-F. 
Complex Ligand Yield 
124A 123A 60% 
124B 123B Not isolated 
124C 123C 43% 
124D 123D 56% 
124E 123E Not isolated 
124F 123F Not isolated 
 
 
In scheme 2.26 the general reaction conditions for the hydration of terminal alkynes using the 
Au(NHC)Cl 125A-E are presented. From the screened complexes, 18C and 18E displayed the highest 
catalytic activity, with the utmost conversion for 125E of 94%. The best contribution of these 
complexes is the capability to activate the alkynes without the need of an acid co-catalyst. This is 
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advantageous in case of acid sensitive substrates are applied. Unfortunately, testing of catalyst 125A 
with different co-catalysts did not provide the expected increased activity. 
 
 
 
 
Table 2.11 Isolated yields from the synthesis of complexes 125A-E 
Ag(NHC) Adduct Au(NHC)Cl  Yield (%) 
124A 125A 78 
124B 125B 82 
124C 125C 80 
124D 125D 47 
124E 125E 59 
124F Au-Bis(NHC) 34 
 
 
 
Following this work, Joó reported on a new modified synthetic path for the synthesis of sulfonated 
SiMes (sSiMes) and sulfonated IMes (sIMes) first described by Plenio.78 These ligands were used for 
the synthesis of the new complexes [Au(sSiMes)Cl] 126 and [Au(sIMes)Cl] 127 (figure 2.39), from their 
respective Ag adducts by carbene transfer reactions to [AuCl(tht)]. Complexes 126 and 127 were used 
for the catalytic hydration of alkynes showing excellent catalytic activities for the hydration of terminal 
alkynes, bearing aromatic as well as aliphatic groups, in water-methanol mixtures (scheme 2.27). This 
is a very competitive protocol compared to other aqueous alkyne hydrations,79 even in the absence of 
acid, which is a common co-catalyst for most hydration reactions. However, in this case acid had a 
clear beneficial effect on the reaction velocity providing up to full conversion. 
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Scheme 2.25 Preparation of the catalytic species Au(NHC)Cl 125A-E
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Fig 2.39 water soluble Au(sSiMes)Cl (126) and Au(sIMes)Cl (127) for hydration of alkynes
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2.6.2 Cu-(NHC) complexes 
 
Since 2001, "Ckick" chemistry has become one of the most important cycloadditions studied due to its 
huge applicability in the production of biologically active molecules, and among them, Cu(I) catalyzed 
azide-alkyne cycloaddition (CuAAC) has become the most popular click reaction. Recently, Li and co-
workers80 reported on the synthesis of the ammonium-tagged NHC-Cu(I) complexes for the three 
component click reaction of different benzyl bromides and terminal alkynes in water using NaN3 as the 
azide source (128-133, figure 2.40).  It is worth to mention that the use of methanol was crucial for the 
efficient synthesis of all these complexes. Table 2.12 shows the most relevant result for the model 
click reaction of benzyl bromide and phenylacetylene in water using NaN3.  There is a clear effect of 
the length of the alkyl group R and the halogen X on the overall yield and time of the reaction, where 
the best results were given by complex 128 holding two triethylammonium groups and chloride as the 
counter-anion. 128 gave acceptable results with catalyst loading as low as 0.5mol%, however, 
considerably longer reactions times were required (48h). Further analysis of the catalytic scope of 128 
was carried out with several benzyl bromides holding both electron-withdrawing and electron-donating 
groups as well as hydroxy-functionalized alkynes, alkylacetylenes and heterocyclic alkynes, affording 
good to excellent yields. Reuse of 128 was possible up to 4 catalytic cycles, but the yield was clearly 
decreased in each consecutive run. 
 
 
                      
 
 
Table 2.12 Isolated yield for the three component click reaction of benzyl bromide and 
phenylacetylene 
 
Entry Catalyst Time (h) Yield (%) 
1 128 3 98 
2 129 6 TRACE 
3 130 6 92 
4 131 6 94 
HR'
R' CH3
O
R
CH3
O
R'= H-, CH3-, CH3O-,
R= C6H13- , OHCH2-
R H
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Scheme 2.27 Genetal reaction conditions the the hydration of Alkynes
catalyzed by complexes 126 and 127.
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Fig 2.40 ammonium-tagged [(NHC)CuX] complexes for the three component click reaction.
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5 132 6 TRACE 
6 133 6 66 
 
 
Due to the great importance of the CuAAC reactions for the click chemistry of molecules with 
biological activity, synthesis suitable catalytic systems is of main concern, in this regard, Gautier et 
al.81 developed the symmetric complex 134, holding a two triazole-funcionalized NHC carbene ligand 
and an ammonium salt on each traiazole moiety. The two ionic branches of the ligand in 134 induced 
water-solubility and high stability towards oxidation to Cu(II). Preliminary experiments to identify the 
best catalytic conditions were carried out by the CuAAC of the azide-funcionalized hystidine 135 
(scheme 2.28) and propargyl alcohol, from which it was found that HEPES buffer (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) at pH=7.6  in water was able to afford the best results. The effect of 
solvent additives was studied, from what MeOH, DMSO, NMP and HFIP 25% v/v were well compatible 
with the reaction. Knowing that α-aminoacids chelate copper cations, the influence of some L-
aminoacids on the formation of 136 was studied. To overcome chelation to all Cu (I) centers, 0.5mol% 
of catalyst per mol of α-aminoacid was used. 
 
 
 
 
 
Finally, in order to study the aplicability of 134 for peptide ligation reactions, reactions of alkyne 
containing peptides with 135 and its benzyl analog in with 0.2M HEPES as buffer at pH 7.6 and HFIP 
as solvent additive were carried out. Peptides containing residues sensitive to copper-mediated 
oxidation, e.g., His, Met and Cys (137-139 and 140, figure 2.41) were successfully synthesized. Thiol 
and sulfide-containing peptides 137 and 138a-b were not over-oxidized and even peptides 140a-b 
were produced with no sign of chelation with Cu species. 
 
 
N N
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I
N
N N
NNN
N OH
N
HO
I
I
Fig 2.41 Triazole-finctionalizaed NHC-Cu (I) complex for the CuAAC of unprotected peptides
134
OH
CO2H
N3
OH
134 (2mol%)
buffer, H2O, r.t., 16h
OH
CO2H
N
N N
HO
135
136
Scheme 2.28 CuAAC reaction of 135 using complex 134
2
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2.6.2 Non-Ionic Cu and Ag-(NHC) catalysts 
 
Previous works to the development of the ionic-tagged NHC-Cu complexes, Nolan et al.82 published a 
report on the use of NHC-Cu species with the traditional NHC precursors SiMes, IMes, and IPr ligands 
as shown in figure 2.42. Complexes 141-144 were tested on the click reaction of benzyl azide and 
phenyl acetylene in mixtures of t-butanol and water at 5mol% (table 2.13). Preliminary comparison of 
organic solvents and water led to a strong acceleration of the reaction when aqueous mixtures were 
applied and water alone was able to afford the best yield for the reaction. The results of table 13 show 
an evident effect of the NHC ligand and the halogen employed, leading to complex 144 as the most 
active species. 144 was further investigated for the three component reaction using the same 
conditions as for 128-133 (table 2.12). Comparing the results of the same reaction described in table 
12, 144 required only 1h to achieve 92% of yield, that is competitive with the water soluble complex 
128. Neat reactions were also possible employing low catalyst loading, requiring considerably lower 
reaction times. This complex was also tested for cycloadditions using internal alkynes in neat 
conditions, giving fair to good yields and no acceleration was observed when using water as solvent. 
 
 
 
  
 
Table 2.13 Catalytic study of 141-144 for the click reaction of benzyl azide and phenyl acetylene 
 
Entry Catalyst Solvent T (h) Yield (%) 
1 141 Water/t-
BuOH 
18 18 
2 142 Water/t-
BuOH 
18 65 
3 143 Water/t- 
BuOH 
18 93 
4 144 Water/t-
BuOH 
9 95 
5 144 Water 0.5 98 
6 144a neat 0.3 98 
                                              [a] 0.8 mol % of catalyst 
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Aimed to improve the conditions for the click reactions such as low catalyst loading, short reaction 
times without lose of activity, Nolan et al.83 published a series of complexes of the type bis(NHC)-CuX 
holding a polyatomic counter-ion X (PF6 and BF4), using different NHC ligands and two different Cu(I) 
salts as metal precursors. In total, 14 different complexes were tested as catalysts for the CuAAC of 
benzyl azide in water at room temperature, with a catalyst loading of 2 mol%. From all the complexes 
tested, 153 turned out to be the best performing catalyst as it was able to complete the cycloaddition 
in quantitative yield within only 1.5h, longer than the time required for catalyst 144 (table 13, entry 5) 
though using a lower catalyst loading. The synthesis of different triazoles under neat conditions by 
catalyst 153 was possible, finding no effect on the electronic properties of the reactants, and 
completing the reactions within times ranging from 5min to 9h.  The requirement for low catalyst 
loading motivated the investigation for the synthesis of triazoles using catalyst loading as low as 
40ppm for benzyl azide and phenyl acetylene, giving good results at 50°C. According to the NMR 
analysis of a reaction between phenyl acetylene and 153, one of the NHC ligands is dissociated 
during the reaction, and possibly this ligand may act as the base for the deprotonation of the 
acetylene. 
 
 
 
 
 
Another type of catalysts which have been less studied are the so-called “latent” catalysts, which are 
inert under normal conditions such as ambient temperature and light, but become active when an 
N N
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R
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145: R= i-Pr , X= PF6
146: R= i-Pr , X= BF4
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157: X= PF6
158: X= BF4
Fig 2.44 Bis-NHC-CuX complexes for the azide-alkyne click reactions
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external stimulus such as heat or irradiation is applied84. In this regard, Nolan and co-workers found 
out that the Cu complex 159 (figure 2.43) was active for the formation of triazoles from the [3+2] 
cycloaddition of azides to alkynes only when water (v/v 1:1) was added to the catalytic system at 60°C 
(scheme 2.28). In case DMSO was applied as inert solvent (no reaction took place at normal 
conditions), the reaction only gave 21% yield when the temperature was raised to 60°. However, 
almost quantitative yield was obtained when water was added to the system. Water by itself was not a 
good solvent for the reaction, since low yields were obtained at normal conditions. 84 
 
 
 
 
The investigation of NHC-Ag catalyzed organic reactions had remained scarcely explored. Very 
recently Li and-coworkers have reported on the first NHC-Ag catalyzed alkynylation of isatins “on-
water”.85 Complexes 160-166  (figure 2.44 ) were initially used for the alkynylation of N-benzylisatin 
with phenylacetylene in water under Ar atmosphere with diisopropylethylamine (DIPEA). The catalytic 
activity is strongly dependent on the structure of the silver complex, table 2.14. 160 gave the best yield 
at the given conditions, even under air atmosphere there was no change in activity. The effect of water 
has a key role on the increasing of the yield of the reaction, since the use of ordinary organic solvents 
led to poor or negligible reaction yields. Aromatic and heteroaromatic alkynes afforded excellent yields 
and reactions with alkylacetylenes proceeded smoothly generating good to excellent yields. The major 
influence on the reactivity was given by the N-substituent, since very low yield was obtained when 
substituting benzyl by hydrogen. 
 
N N
Cu
Cl
159
Fig 2.45 [(NHC)CuCl] complex as latent click catalyst
R1 N3 R2
1) 159 (2 mol%)
DMSO, RT, 1week
2) water , 60°C, t
N
N
N
R1
R2+
Scheme 2.29 Tr iazole formation by latent catalyst 159.
R1: -Benzyl, -CH2Ar, -Alkyl, -Ts, -(CH2)2Ph
R2: -Ph, -CH2OH, -Ar , -cyclohexenyl
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Table 2.14 Catalytic performance of the silver complexes 160-166 for alkynylation of N-benzylisatin 
 
Entry Catalyst Time (h) Yield (%) 
1 160 4 98 
2 161 4 93 
3 162 4 92 
4 163 4 94 
5 164 6 <10 
6 165 6 Trace 
N N
AgCl
N N
AgCl
N
N
N
AgCl
160
166
164 165
Fig 2.46 NHC-Ag complexes for the "on-water" alkynylation of isatins
N N
AgCl
N N
AgCl
N N
AgCl
161
162 163
N N
AgCl
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7 166 6 N.R. 
 
 
 
 
 
2.9 CONCLUSIONS AND OUTLOOK 
 
According with the reports that have been published during the last three decades, nearly any catalytic 
reaction involving late transition metals can be adapted to the use of water as the reaction solvent 
provided the reactants themselves are water stable. Continuing efforts are focused on the 
development of new ligand architectures and adapting of new reactions to the aqueous phase. Such 
research area started with the synthesis of hydrophilic phosphine and nitrogen derivatives and was 
continued with N-heterocyclic carbene ligands. In this regard, and considering the advantages of the 
NHC-metal complexes such as high thermal and chemical stability given by the nature of the metal-
carbene bond, this class of complexes represents a promising selection for the synthesis of aqueous-
phase organometallic catalysts. At present, most of the work on aqueous catalysis by NHC-transition 
metal complexes has evoked to C-C coupling reactions such as Suzuki, Heck and Sonogashira 
couplings as well as olefin metathesis owing to the suitability of the involved substrates as well as the 
high performance of the active species. Nevertheless, reactions such as isomerization of allylic 
alcohols, olefin hydrogenation, hydration of alkynes, hydroformylation, hydrosilylation and alkynylation 
of carbonyl compounds, and even alkyne-azide cycloadditions in aqueous systems have also been 
explored using this class of complexes. Although most of the transition metals have been coordinated 
with NHC ligands and most of the the resulting complexes used in organometallic catalysis, only few of 
them, predominantly with Ru and Pd and in less examples with Ag, Au, Cu and Rh, Pt and Ir have 
been investigated in aqueous phase catalysis. This opens a huge window of opportunities in this field, 
since water has become a green alternative for many chemical processes, either for one or two-phase 
reaction systems. Currently there are several chemical processes using water reaction medium, so the 
outlook for the near future is based on an increased number of such processes. A better 
understanding of the role of water as reaction medium may improve the performance of the chemical 
processes, such as product separation, treatment of by-products and recycling of catalysts and 
solvent.   
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CHAPTER 3 
CLICK CHEMISTRY: RECENT DEVELOPMENTS ON THE Cu (I) CATALYTIC SYSTEMS 
 
3.1 INTRODUCTION 
 
The dipolar cycloaddition of terminal alkynes with organic azides, commonly known as the Huisgen 
reaction, is nowadays the most practical method for the generation of triazoles.  Due to its 
regioselectivity, which provides 1,4-disubstituted 1,2,3-triazoles instead of the 1,5-disubstituted 
isomers, this method has become the most practical approach to the synthesis of triazole containing 
molecules in pharmaceuticals and agrochemicals. Furthermore, it has triggered the use of these 
heterocycles in areas such as bioconjugation, drug discovery, materials science and combinatorial 
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chemistry. A number of such compounds have shown biological activities such as antibacterial, 
herbicidal, fungicidal, antiallergic and anti-HIV properties.1-3 In this chapter we introduce the “Click” 
reaction, as it is also known. We will describe some of the most used catalytic systems for this reaction 
along with the auxiliary ligands used in such systems. A brief description of the reactivity of the 
different azides and acetylenes is presented, as well as some of the most used reaction procedures. 
Some inside into the mechanism of the Click reaction is presented, focusing in the metal-catalyzed 
pathway as this is the aim of the present work. The application of the CuAAC reaction in 
peptidomimetics is explained in a short description. 
 
3.2 AZIDE-ALKYNE CYCLOADDITION: BASICS 
 
As it is shown in figure 3.1, the thermal cycloaddition reaction of alkynes and organic azides is well 
known. The first 1,2,3-triazole was synthesized in 18934. Since then more in detail investigations have 
been developed, with the most important progress made by Huisgen 5-7. Despite its high exothermic 
behavior, (ΔG0 between −50 and −65 kcal mol− 1), its high activation barrier makes the reactants highly 
unreactive even at elevated temperatures. Same way, the HOMO-LUMO energy levels for alkynes 
and azides are of similar magnitude, as a result, a mixture of regioisomeric products is formed when 
the alkyne is asymmetrically substituted. Therefore, a less electron rich alkyne should be used in case 
one type of triazole is the desired product. 
 
The use of metal-catalyzed reactions dramatically modifies the reactivity of the reactants towards 
cycloaddition reactions. At the same time, the activation barrier significantly drops at the point that 
most of the reactions are carried out at room temperature and they are completed within times ranging 
from some minutes to hours depending on the reactivity and steric hindrance of the reactants. Taking 
as an example the Cu-catalyzed Alkyne-Azide cycloadditions (CuAAC), one of the most outstanding 
features lies in the fact that this reaction is highly regioselective, giving exclusively the 1,4-
disubstituted-1,2,3-triazole (figure 3.1B). In case of RuAAC, the product is only the 1,5-disubstituted 
analogue (figure 3.1C). In this chapter we focused on CuAAC since the investigation in this work was 
developed by the use of Cu-based catalysts. 
 
Some of the most important features of the CuAAC are as follows:  
 
A) The steric or electronic properties of the groups bonded to the azide or alkyne reactive centers 
do not alter their reactivity towards CuAAC. This eliminates the limitations given by the bulk of 
some organic groups and avoids the use multistep procedures of protecting group chemistry. 
The use of water does not affect as well the performance of the reaction. Actually the use of 
most organic solvents does not affect the reaction at all. 
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B) Besides the high regioselectivity, which generates only the 1,4-disubstituted-1,2,3-triazoles in 
excellent yields,tThe Cu-catalyzed process is faster at a rate of 107 times that of the 
uncatalyzed version, especially at temperatures in the range of 0 to 25 °C. In addition, the 
reaction rate is further increased by the use of auxiliary ligands, which will be mentioned later 
in the chapter. 
C) The 1,2,3-triazole product resulting from the reaction has a high chemical stability (resistant to 
hydrolytic, oxidizing, and reducing conditions, even at high temperature) given by the strong 
dipole moment, its aromatic character and its hydrogen-bond-accepting ability. 8, 9 Thus, this 
unit is capable to interact with biological molecules in order to act as a substitute of the amide 
linkage in some conditions (peptide bond). 
 
3.2.1 The copper catalyst 
 
CuAAC reactions have shown wide applicability towards most of functional groups, solvents and 
additivies, regardless of the source of the catalyst. These catalytic systems can go from the direct use 
of Cu (I) systems to Cu (II) reduction products or Cu (0) oxidation species. 
 
In case of Cu (I) sources, which were recently summarized by Meldal and Tornøe 10, different species 
like Copper (I) salts (iodide, bromide, chloride, acetate) and coordination complexes such as 
[Cu(CH3CN)4]PF6 and [Cu(CH3CN)4]OTf 11,12 have been frequently used 13. In case of CuI, due to its 
coordination abilities, its use is limited to those cases where a good control of coordination is 
achieved. For reactions in aqueous media, the use of CuBr and CuOAc is preferred. In case of Cu (II) 
species, their use as catalyst is not clear14-15. Since it is well known that Cu (II) is a good oxidizing 
agent for organic compounds, reducing it to the catalytically active Cu(I), it is more likely that this is the 
real cause of the “activity” shown by the Cu (II) sources. 16 Depending on the chemical environment of 
the Cu (I) ion, the potential for oxidation can vary so this way different reactivity patterns may be found 
among the Cu (I) species. In case of Cu (I) species, taking as an example the CuAAC reaction shown 
in figure 3.2A, by using CuI, the different side-products may be found17, however if the alkyne is bound 
to a solid support (figure 3.2B), then the desired product is produced, but if the azide is immobilized, 
only traces if product is found. The thermodynamic instability of Cu (I) species is responsible for the 
production of such side-products; this may be avoided by the use of oxygen-free conditions. 
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The most common approach to evade oxygen-free conditions is the use of a reducing agent such as 
sodium ascorbate in conjunction with stable copper (II) salts like CuSO4 or Cu(OAc)2, which was 
introduced first by Fokin18. In this way Cu (I) acetylides are produced in-situ form the reduction of Cu 
(II) to the active Cu (I). This procedure is effective in yielding products in up to 90% purity, with no 
need of auxiliary ligands (figure 3.3). Furthermore, Cu (I) species can be combined with ascorbate, to 
avoid further oxidation to the inactive Cu (II) species. 
 
 
 
 
 
Elemental copper can be used as a source of Cu (I) ions, either in conjunction with Cu (II) sulfate or 
not, since the Cu oxide and carbonate, formed in the surface of the wire is enough to initiate the 
catalytic cycle. This procedure has the advantage of producing very pure triazole products; however it 
requires long reaction times to reach good yields, which can be overcome by using microwave 
irradiation at elevated temperature. 19, 20, 21This procedure is effective in aqueous alcohols, 
tetrahydrofuran, or dimethylsulfoxide. 22,23 The copper wire procedure is particularly convenient for high 
throughout synthesis of compound libraries for biological screening, giving rise to high selectivity and 
yields ranging from 85 to 90%. Ion exchangers may easily remove trace quantities of copper. Most 
recently, heterogeneous catalysts made from Cu (0) and Cu (I) species have been used, as well as 
copper nanoclusters, nanoparticles of Cu/Cu2O and Cu nanoparticles onto charcoal have been 
successfully used in CuAAC reactions.24,25 
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Figure 3.3. Solution-phase CuAAC reaction in presence of sodium ascorbate
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3.2.2 Auxiliary ligands 
 
Besides the use of single compounds of Cu (0), Cu (I) or Cu (II), many publications describe the use of 
ligands either as part of a well defined catalyst complex or as part of an auxiliary ligand or solid 
support. Such ligands can be classified according to their donor properties into “soft” and “hard” 
classes. Cu (I) in its acceptor character can be classified as “soft”.26,27 Soft ligands are exemplified by 
the phosphines-containing Cu-catalysts such as Cu(P(OMe)3)3Br28 and Cu(PPh3)3Br. 28-29 Other 
examples include Cu(PPh3)2OAc and phosphoramidite  and related donors. 29 Phosphines have not 
been favored except for thus involving the weakly binding triazole unit. Recently several NHC-Cu (I) 
complexes have been successfully used was CuAAC reactions.30,31 
The other category of ligands are the “hard” donor species, dominated in general by the amines,32-33 
which in some cases have been called additives rather than ligands because it is believed that they 
participate in the deprotonation step of the terminal alkynes. Recently, this has been refuted by the 
proof of the formation of copper (I) acetylides in highly acidic media.34 This may be used as a 
confirmation of the existence of metal-amine bond as the possible active species in the CuAAC 
reaction. The most successful class of ligands have been those with an intermediate character 
between “hard” and  “soft”, such as those containing heterocyclic donors. Basically these ligands have 
been employed for biological purposes in water where the concentration of the reactants is too low so 
the use of the simple “ascorbate” procedure is no more efficient.35 Such procedures involve 
bioconjugation experiments, where the tris(benzyltriazolyl)methyl amine ligand (TBTA) (figure 3.4 A) 
showed excellent performance in the stabilization of the Cu (I) ion in aqueous CuAAC reactions 
involving molecules of biological importance, 36,37,38 its  tris(tert-butyl) analog shows enhanced activity 
towards CuAAC reactions in organic solvents. 
Due to the intrinsic poor solubility of TBTA in water, hydrophilic groups were inserted in the triazole 
unit to enhance its solubility, which gave improved performance of the catalyst systems (figure 
3.4B).39-40 Sulfonated bathophenanthroline was tried with good results, however, due to the higher 
electron-rich environment, this catalyst systems have to be used under inert conditions unless a high 
amount of ascorbate is used or under electrochemically maintained the Cu(I) active species, which 
make this procedure impractical for certain bioconjugation tasks.41, 42,43,44 
 
Several other polydentate trimethylamine ligand analogues were later applied for CuAAC purposes.45-
46 Particularly useful is the water-soluble tris(benzimidazole) derivatives (figure 3.4D) as well as 
“hybrid” heterocyclic chelates such as the bipyridinyl derivative shown in figure 3.4E. The lasts have 
proved superior competing ability when used in conjunction with TBTA polar analogs.47-48 
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3.3 CuAAC WITH IN-SITU GENERATED AZIDES 
 
For low molecular weight azides, CuAAC reactions represent a risk if they are attempted to be used in 
pure form, since they are thermodynamically not stable compounds. For that reason it is absolutely not 
recommended the handling of these compounds in its pure form. The great advantage of the CuAAC 
reaction is its tolerance towards additives to spectator compounds. This allows for the possibility to 
synthesize the azide through an in-situ procedure in which the alkyl halide precursor is reacted with an 
inorganic azide (for example sodium azide) through a SN2 reaction (figure 3.5) in an aqueous 
environment. Several procedures were implemented afterward using different catalytic systems like 
copper tubing or by the presence of the aminoacid L-proline. 49-50 
This type of process has been implemented many times in our laboratories and others from alkyl 
halides or arylsulfonates by SN2 reaction with sodium azide (figure 3.5A). In a recent example, Pfizer 
chemists developed a continuous flow process wherein a library of 1,4-disubstituted 1,2,3-triazoles 
was synthesized from alkyl halides, sodium azide, and terminal acetylenes, with the copper catalyst 
required for cycloaddition being supplied from the walls of the heated copper tubing through which the 
reaction solution was passed (figure 3.5B) 49. The preparation of aryl azides may be achieved by the 
reaction of anilines with tert-butyl nitrite and azidotrimethylsilane51. Microwave heating further 
improves the reaction by reducing the reaction time52. 
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3.4 CuAAC WITH INORGANIC AZIDES 
	  
The first report on CuAAC reactions with inorganic azides was made by Yamamoto et al.53.The [3+2] 
cycloaddition of non-activated terminal alkynes and trimethylsilyl azide proceeded smoothly in the 
presence of CuI catalyst and DMF/MeOH, to give the corresponding N-unsubstituted triazoles in good 
to high yields figure 3.6A. The reaction most probably proceeds through the in-situ formation of a 
copper acetylide species and hydrazoic acid, followed by a successive [3+2] cycloaddition reaction. 
Later on Yang et al. 54 reported on the synthesis of 1H-1,2,3-triazoles by the reaction of terminal 
alkynes and sodium azide using CuCl at a temperature higher than 70oC under inert conditions, then 
the alkyne is activated and a complex Cu-alkyne formed (figure 3.6B). This procedure allowed the 
production of 1H-1,2,3-triazoles from moderate to good yields, however a big catalyst loading was 
needed (1 equivalent respective to the azide) and long reaction times (48h) had to be used to achieve 
the best performance. In 2010, Kuang et al. reported on the use of anti-3-Aryl-2,3-dibromopropanoic 
acids as the source of the alkyne (figure 3.6C) 55. Yields for the produced aryl-triazoles range from 
moderate to excellent; however inert conditions and even sodium ascorbate was needed in order to 
avoid oxidation of the CuI used as the catalyst. The same group later improved this procedure by 
using 1,1-dibromoalkenes (figure 3.6 D) 56. Experimental evidence from this process suggest that the 
initial step of the catalysis is the debromination of the dibromoalkene, producing the corresponding 
propargyl bromide, which is later converted to the Cu acetylide complex, which is the species 
responsible for the catalysis. 
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Fig. 3.5. One-pot synthesis of triazoles from alkyl halides and sodium azide
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3.5 CuAAC WITH ACETYLENE GAS 
	  
The use of CuAAC for the synthesis of 1-substituted 1,2,3-triazoles has been less explored. Kuang 
and Liang, who were able to use CaC2 and acetylene gas respectively for the synthesis of 1-
substituted 1,2,3-triazoles, elaborated the most important contributions.  Kuang’s procedure enabled 
the production of aryl-substituted 1,2,3-triazoles in moderate to excellent yields by using CuI (30 
mol%) as catalyst and sodium ascorbate as the reducing agent (figure 3.7A) 57. The reaction 
generated acetylene in-situ by reaction of CaC2 with the aqueous solvent, for the subsequent oxidative 
addition of Cu (I) for the catalysis. In case of electron-withdrawing substrates, the reaction proceeded 
at 90oC. The use of acetylene gas was introduced by Liang, whose procedure allowed for the 
production of 1-substituted triazoles at room temperature using only 1 atm of acetylene (figure 3.7B) 58. 
There was no need for reducing agent; however a co-catalyst amine was used instead. 
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Figure 3.6 Synthesis of substituted 1H-1,2,3 triazoles by CuAAC reactions
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3.6 COPPER - CATALYZED REACTIONS WITH OTHER DIPOLAR SPECIES 
 
Depending on the conditions and reagents used in CuAAC reactions, sulfonyl azides can take part in 
the reaction on several manners (figure 3.8). One is the production of the normal triazole product 1, 
however when the reaction is carried out in presence of amines, N-sulfonyl amidines 2 are the 
preferred products. The use of water changes the reactivity, providing N-acyl sulfonamides 3 as major 
products.59,60 It is believed that the cuprated triazole intermediate, which will be explained later in this 
chapter is the starting point from which all the products are originated according to the given 
conditions as well as  by the electron withdrawing character of the N-sulfonyl substituent. Imine 
auxiliary ligands afford the N - sulfonyl azetidinimines 4 (figure 3.8B) 61. 
 
 
 
The reaction path of the Cu (I) catalysts towards CuAAC reactions made possible the assumption that 
the same species might catalyze the formation of isoxazoles through a similar mechanism. The 
reaction of nitrile oxides and acetylenes is well known and the uncatalyzed reaction meets several 
disadvantages like low yield and instability of nitrile oxides. 62Cu (I) however, can overcome such 
difficulties and is able to afford the synthesis of 3,5-isoxazoles 6 from aromatic or aliphatic aldehydes 
and alkynes in an one-pot procedure, where the nitrile oxide intermediate is generated in-situ by the 
corresponding aldoxime and halogenations/deprotonation by Chloramine-T.63-65 
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3.8 MECHANISTIC ASPECTS OF THE CuAAC REACTION 
 
Several experimental and theoretical evidences for the Alkyne-Azide ligation mechanism have been 
obtained, however it was just recently that the RuAAC reaction was described 66,67 and the application 
of this procedure is just in its very beginning68,69. Other metals found very small or no applicability for 
this process, most probably due to the unique ability of Cu (I) ion to combine the capability to interact 
via  σ- and π-interactions with terminal alkynes and the ability to quickly exchange them  with other 
ligands in its coordination sphere. These interactions were firstly visualized by Glasser in 1869 from 
the oxidative dimerization reaction of Cu-phenylacetylene70, however the exact nature of the Cu-
alkynyl species is still not well understood, due to the tendency of Cu (I) to form polynuclear 
species71,72. Several experimental approaches to understand the reaction mechanism of the CuAAC 
reaction were performed by using diazide compounds and dialkynes, in order to know what species 
were responsible for the rate-determination of the reaction73. Such experiments yielded the azide 
group as the rate-determining species. 
 
The first computational analysis of the CuAAC was concentrated on the possible reaction pathways 
(figure 3.10) 74.  The first step involved the formation of the Cu-acetylide 8 (step A, figure 3.10), whose 
formation enthalpy was calculated as 11.7 Kcal mol-1, which is in agreement with the facile 
coordination of the Cu center and the alkyne through a π interaction. In water, the pKa of the terminal 
proton drops about 10 units, just in the proper range to undergo deprotonation.  The energy barrier of 
the cycloaddition was calculated to be 23.7 kcalmo-1, which in turn is more exothermic than the initial 
oxidative addition step, indicating that the Cu center plays a key role in the whole procedure. In step B 
(figure 3.10) the azide coordinates to Cu, thus forming the intermediate 9. This step is slightly 
exothermic (2 kca lmol-1 when L=water). Step C involves the crucial cycle formation event, converting 
9 into the abnormal 6-membered ring 10, requiring an energy consumption of 12.6 kcal mol-1 and a 
barrier of 18.7 kcal mol-1, much lower than the uncatalyzed reaction (26 kcal mol-1), which agrees with 
the extraordinary rate acceleration produced by the Cu (I). This confirms that the CuAAC reaction itself 
is not a concerted cycloaddition, unlike the uncatalyzed reaction. The regioselectivity of the CuAAC 
reaction is given by the beforehand addition of alkyne and azide to the copper prior to the C-C bond 
formation. From the 6-membered ring 10, contraction of the ring to form the triazolyl-copper derivative 
11 has a quite low energy barrier (3.2kcal mol-1); isolation of these Cu-triazole complexes may be 
accomplished by the use of bulky substituents. Proteolysis of the Cu-triazolyl intermediate affords the 
triazole product, this way the catalytic cycle is completed. 74,75 
 
Kinetic studies using the reacting couple benzyl azide and phenylacetylene lead to a law rate of 
second order respective on the catalyst concentration76, which was also observed for the TBTA 
ligands.77-78 Using density functional theory (B3LYP), the insertion of a second Cu atom leads to a 
drop in the activation barrier (about 3-6 kcal mol-1). 79, 80This second Cu atom (CuB, figure 3.10B) was 
demonstrated to make a strong interaction with the acetylide carbon (C1) by the measurement of the 
Cu-C distances (1.93 and 1.90Å 81). The results of these observations gave place to the assumption 
that the role of the supporting ligands in CuAAC reactions is to guide the coordination chemistry of the 
Cu (I) ion to allow the formation of the σ,π-dinuclear acetylide complex, in order to enable it for a 
ligand exchange process with the weakly donor azide, giving rise to a discontinuous kinetic behavior 
wherein the nature of the catalyst, its concentration and rate law are progressively changing 82. 
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3.9 THE RuAAC REACTION 
 
The Ru-catalyzed [2+3] cycloadditions, named RuAAC, have a quite different reaction pathway. 
Regardless of the more specific conditions required (catalyst load up to 2%, organic solvents, heating 
in certain conditions and protection of functional groups), the reaction does not involve ruthenium 
acetylides as intermediates on the catalytic cycle. 83, 84 Furthermore, more specialized Ru-complexes 
like 12 and 13, based on pentamethylcyclopentadiene ligands (CP*) should be employed to promote 
such reactions (figure 3.11)85. The reaction provides 1,5-disubstituted triazoles in excellent yields and 
regioselectivity. In case of internal alkynes, the regioselectivity is controlled by the electronic properties 
of the substituents and to a lesser extent by steric effects. 86 Furthermore, secondary azides require 
longer reaction times and afford lower yields than primary azides; tertiary azides do not react at all 
towards RuAAC reactions. 
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Figure 3.11 Synthesis of 1,5-disubstituted triazoles by RuAAC by Cp-Ru complexes
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3.9 CuAAC REACTIONS IN PEPTIDOMIMETIC CHEMISTRY 
 
1,2,3-triazoles offer an interesting option in peptidomimetics research because their electronic and 
structural characteristics are comparable to that of the peptide bond, giving them the possibility to 
adopt conformations that may help to study the associated biological processes involved in the 
peptide chemistry, enabling these class of compounds to be used in drug design and development.87-
89 Depending of the substitution on the triazole backbone, it is possible to obtain 1,4- or 1,5-
substituteed triazoles into a peptide backbone, affording “linear” and “bent” peptides mimics (figure 
3.12A). At the same time it is possible to incorporate a triazole into a backbone or side-chain modified 
peptidomimetics (figure 3.12B) by reaction of suitably substituted azide or acetylene-substituted 
aminoacid.  
 
 
 
 
 
 
The scope of the peptidomimetics affordable via CuAAC goes from cyclic to acyclic structures. As an 
example, the cyclodimerization of peptidomimetics 14 via the “ascorbate” procedure was attained 
(figure 3.13A) 90 on a resin-supported matrix using an N-propargylated glycine residue as the closest 
structure to the resin and an azide-coupling partner on a 5-azidopropanoic acid (15, figure 3.13). 91 
Monocyclization was also achieved by using a different procedure [Cu(CH3CN)4]PF6 as the Cu(I) 
source in non-aqueous media (figure 3.13 B). There seems to be a close relationship between the 
number of aminoacid residues and the trend to monocyclization, especially when the peptides are not 
attached to any solid suppor92. This suggests that cyclodimerization is promoted by the peptide-
peptide interstrand hydrogen bonding, which brings the acetylenes and azides into close proximity. 
Meldal and co-workers later published on a monocyclization of a peptide mimic which mimics the 
hormone α-melanocyte-stimulating hormone93, 94 supported on a poly(ethylene glycol)-based amino 
polymer solid support, which despite the difference in reaction conditions, did not afford the expected 
cyclodimeric product according to Finn’s results95-96.The use of THF was probably one of the main 
reasons for that, disrupting the hydrogen interactions between peptides. 
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More studies like those performed by Goncalves97 et al. envisioned the possibility to obtain 
monocyclized products in opposition to the results given by Finn. Goncalves was able to produce a 
cyclic peptidomimetics containing eight aminoacid residues and one of 11 residues used as potential 
ligands for vascular endothelial growth factor receptor 1 (VEGFR1). Ghadiri demonstrated the great 
utility of the Click chemistry in the synthesis of the cyclic peptide 21 starting from both the acyclic 
peptides 19 and 20. 19 was initially synthesized from the building block 18 and its macrocyclization 
afforded the macrocycle 21 in 65% yield. However, he realized that if the macrocyclization is carried 
out from the peptide 20 under Click conditions, excellent yield could be achieve (figure 3.14). By this 
procedure, only traces amounts of oligomers were observed. A possible chirality effect on the α-
carbon of aminoacids could be responsible for the preferred cyclic peptidomimetics.98 
 
A conventional head-to-tail cyclization of peptides is particularly difficult when working with 
tetrapeptides being notoriously hard to ring close. This difficulty was overcome by the use of Click 
chemistry like Bock et. al. reported for the cyclic tetrapeptide 23 of the naturally occurring cyclic 
tetrapeptide 22. 99-100 Bock found out that conventional lactamization of the acyclic tetrapeptide was 
unsuccessful, however, by using a CuAAC protocol, 23 was produced in a 70% yield, proving that 
production of highly strained macrocycles too strained to be synthesized by lactamization are 
affordable via CuAAC protocols. 
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The CuAAC reaction for the synthesis of peptidomimetics on solid-phase was first reported by Meldal. 
Backbone and side-chain modified peptides were achieved (24 and 25, figure 3.16). Both PEGA800 
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and SPOCC1500 resins were successfully coupled101 to the alkyne-coupling partner; however 
immobilized azide-coupling partner did not reacted towards CuAAC reaction even at large excess of 
alkyne.  Peptide bond substitution with 1,4-triazole was early reported by Brik et. al. in the synthesis of 
HIV-1 protease inhibitors102, from which he generated a library of 100 peptidomimetics with one 1,4-
triazole instead of the typical amide bond. 
 
 
 
 
 
Using triazoles in peptidomimetics has commonly been limited to the substitution of some few peptide 
bonds with a 1,4- or 1,5-triazole. Angelo and Arora were able to synthesize fully backbone-modified 
peptidomimetics as foldamers103 (26, figure 3.17). There is a clear trend for the peptides to adopt anti 
conformations, since according to the molecular modeling calculations they are 4 kcal/mol more stable 
than the syn conformations. Experimentally, NMR studies have confirmed such assumption that this 
kind of triazole trimers shows an anti conformation similar to that of a β-strand104. 
 
 
 
 
 
 
Solid phase synthesis of peptidomimetics holding alternating triazole amide bond linkages was also 
investigated (Rink resin) 105. By using CuI, ascorbic acid and 1,6-lutidine instead of the “ascorbate” 
system, 28 was obtained in quantitative yield by repeating the CuAAC step twice. An alternative 
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method uses piperidine instead of 2,6-lutidine in an one-pot synthesis and deprotection allowed the 
same synthesis with similar yields. At the same time, the multifunctional-containing peptide 31 was 
isolated after a series of protection and deprotection steps. This type of peptide mimics are particularly 
interesting due to its hydrophobic, hydrophilic, acidic and basic groups attached into the same peptide 
structure.  
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CHAPTER 4 
WATER-SOLUBLE (NHC)2Cu COMPLEXES FOR APLICATIONS IN CLICK CHEMISTRY  AND  
BIOCONJUGATION. MECHANISTIC ANALYSIS OF A STANDARD CLICK REACTION 
 
 
 
4.1 INTRODUCTION 
	  
The dipolar cycloaddition of terminal alkynes with organic azides, named the Huisgen reaction is 
undoubtedly the most direct synthetic procedure for the production of triazoles. The development of 
the Copper(I)-catalyzed reaction between organic azides and terminal alkynes, represents a definitive 
advance in chemistry, becoming the most practical and useful “click” reaction2. The reaction is highly 
useful for the synthesis of a wide variety of 1,2,3-triazoles and their derivatives3. 1,2,3-triazoles have 
found extensive applications in the pharmaceutical and agrochemical industry4. This reaction has also 
triggered the use of 1,2,3-triazoles in bioconjugation1, drug discovery5, materials science6 and 
combinatorial chemistry7. Although many catalyst systems have been used for the CuAAC, in most 
cases they need the presence of co-catalysts such as auxiliary ligands, bases –amines in most cases-
, and reducing or oxidizing agents depending on the Cu source used, in order to enhance their 
catalytic activity. In most of the cases high Cu loading must be used to ensure high performance of the 
catalysis. To the best of our knowledge, up to now there is no report regarding a unique Cu (I)-based 
catalyst that enables  the synthesis of triazoles with different substitution patterns, e.g. 1-, 4-, 1,4- or 
1,4,5-substituted triazoles and at the same time, capable to carry out bioconjugation reactions under 
click conditions. The use of NHC-Cu (I) complexes has already shown application for Huisgen 
Cycloadditions by Nolan’s group8. The same group published on [(NHC)2Cu]X complexes as highly 
efficient CuAAC catalysts, showing that the efficiency of such complexes is so high that even 50 ppm 
was enough to reach good reaction yield for the synthesis of a range of triazoles under “neat” 
conditions.9 Water-soluble NHC-Cu (I) complexes were recently synthesized and used for CuAAC 
under aqueous conditions10.  In this chapter we introduce to a new series of catalysts based on 
sulfonated N-Heterocyclic Carbenes (NHC)-Cu for the effective synthesis of 1,2,3-triazoles with 
different substitution patterns. These complexes were used in bioconjugation and for the preparation 
of heterogeneous catalysts. Finally the theoretical analysis by DFT experiments with a standard click 
reaction is presented. 
In the last decade, bioconjugation has become a common tool for chemists and biochemists as a 
result of the increase in peptide and protein research development. The covalent functionalization of 
these biomacromolecules under physiological conditions gives raise to new areas of research such as 
drug discovery, high-throughput screening and in vivo testing. Therefore, ligation methodologies have 
been studied and optimized. The most known conjugation strategies are native chemical ligation 
(NCL) 11,12, Staudinger ligation13, thioacid-azide amidation14 and copper alkyne-azide cycloaddition 
(CuAAC), named as click reaction 15,16. The application of click chemistry in peptide science has 
increased exponentially since it was discovered by Sharpless and Meldal 15,16. As the resulting triazole 
can mimic the amide bond electronically and geometrically, it can be used as a ligation method for 
preparation of bioconjugates 17. The development of CuAAC has caused an emerged interest in the 
functionalization of peptides with alkynes and azides, resulting in a broad variety of building blocks 
being currently commercially available, such as unnatural amino acids. In practice, the application of 
CuAAC in peptide chemistry requires an extra effort for the optimization of the reaction conditions 18. 
Traces of O2 can be reduced by CuI and sodium ascorbate into H2O2, a reactive oxygen species that 
can induce degradation of amino acids and cleavage of the polypeptide chain 19, 20. Thus, a catalytic 
system able to perform click reactions in biomacromolecules under reductant-free aqueous conditions 
will lead to a step forward in bioconjugation chemistry. 
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4.2 RESULTS AND DISCUSSION 
	  
4.2.1 Synthesis of carbene precursors.  
	  
Zwitterions 1 and 2 were synthesized according to the previously described procedures21. The new 
ligands 3 and 4 were synthesized by a similar procedure, using a condensation protocol of 1,3-
propanesultone and 1,4-butanesultone respectively with 1-mesityl-imidazolidine (figure 4.1). 
 
 
  
4.2.2 Synthesis of catalysts.  
	  
Ligand precursors 1-4 were originally considered for a single mono-coordination at 1:1 ratio using 
CuCl as the source of Cu(I), mass spectroscopy showed that the final product was actually a mixture 
between mono- and bis- coordinated NHC-Cu complexes. Isolation of these complexes was not 
feasible because of their low stability. We were prompted to find a more convenient source of Cu(I). 
From the reports of Nolan’s group, we found out that complex 5 (figure 4.2B) has the best activity from 
a series CuAAC [(NHC)2Cu]X (X= PF6-) catalysts22, more than 3 times better than the analogous 
complex with  X= BF4-, consequently we were encouraged to use PF6- as the counterion to improve the 
stability without affecting the activity of the catalyst. A protocol of synthesis similar to that reported by 
Nolan was followed, by using KOt-Bu as the base and THF, filtration and precipitation with ether 
resulted in the series of catalysts 6-9 shown in figure 4.2A. The source of Cu(I) [Cu(CH3CN)4]PF6 was 
used for this purpose. Characterization of these complexes by 13C-NMR agreed with the typical values 
for saturated NHC-Cu complexes, 200.65 and 200.74ppm ppm for 6 and 7 respectively, for the 
unsaturated complexes, the values were 176.38 and 176.41ppm for 8 and 9 respectively. Mass 
spectroscopy results confirmed the identity of the bis- complexation mode of these ligands. The newly 
N N
1
SO3 N N
SO3
2
N N
N N SO3
N N
SO3
O S O
O
DC
M,
refl
ux,
12 h
S
S
OO
toluene, reflux, 48h
3
4
Figure 4.1 A) Sulfonated imidazolium precursors 1 and 2; B) Synthesis of sulfonated imidazolidinium salts 3 and 4
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synthesized complexes exhibited solubility in chlorinated solvents (chloroform, DCM), alcohols 
(MeOH, Ethanol, isopropanol), as well as DMSO and DMF, the sulfonic salt group also provided high 
water-solubility, however storage under dry conditions were necessary, since hygroscopicity was a 
unavoidable consequence of the insertion of the ionic group. Their high stability to air and heat, 
enabled to store them under Ar atmosphere for several weeks without loose of activity. 
 
 
4.2.3 Catalytic activity  
	  
Initial experiments were carried out using the standard reaction of benzyl azide and phenylacetylene in 
neat conditions. Table 4.1 shows the yields obtained with catalysts 6-9. From these results, it is clear 
that the catalysts with saturated NHC ligands are more active than those holding unsaturated ligands. 
According to these results, catalysts 6 and 7 are competitive with catalyst 5 22 reported by Nolan’s 
group. However the special hydrophilicity of the complexes 6-9 could enable the extension of their 
scope towards different reaction conditions where the non-hydrophilic catalyst 5 might hardly achieve 
good performance. 
Table 4.1 Comparison of catalysts 5-9 in a standar Click reaction 
 
Run Catalyst Time (min) Yield (%)b 
1 6 8 100 
2 7 10 100 
3 8 30 99 
4 9 35 99 
N N
SO3
N N
SO3
n
n
[Cu(CH3CN)4]PF6 (0.5eq)
K-OtBu/THF
R.T., t
N N
Cu
NN
N N
Cu
NN
SO3K
KO3S
KO3S
PF6
PF6
SO3K
n
n
n
n
3,4
N N
Cu
NN
5
PF6
1,2
6,7
8,9
1, 3, 6, 8: n= 3
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Figure 4.2 A) Synthesis of water-soluble (NHC)2-Cu complexes, B) Nolan's Click catalyst.
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6-9 (0.5mol%)
neat, r.t., t
N
N
N
+
104	  
	  
5 5 5 99 
    
a Mol% based on copper, b Isolated yields are the average of at least two runs 
 
To facilitate a more detailed comparison between these catalysts, complexes 6 and 8 were chosen for 
a reaction monitoring by 1H-NMR experiments for the standard reaction depicted in table 4.1 using 
CDCl3 as solvent. Graph 4.1 confirms that catalyst 6 is more reactive than 8 at a rate of aprox. 3.5, the 
result perfectly agrees with the reaction study made under neat conditions. The reason of this higher 
activity may come from the higher σ-donation ability of the saturated NHC-carbenes, a similar effect 
which causes a higher activity of NHC-Ru complexes on the olefin metathesis reaction23. This 
advantage let us to use 6 for the synthesis of triazoles with various substitution patterns. 
 
 
Graph 4.1 Reaction monitoring for the CuAAC of benzyl azide and phenylacetylene by 1H-NMR 
 
4.2.4 Synthesis of 1,4-substituted triazoles under neat conditions.   
 
In order to test the versatility of the asymmetric NHC-Cu(I) complexes on the synthesis of a range of 
1,4-triazoles, catalyst 6 was used with a number of substrates from which the results are given the 
table 4.2. Depending on the reaction conditions and the nature of the reactants involved in the 
catalysis, the reaction time for the Click reactions was in the order of minutes to hours. Alkynes with 
sterically demanding substituents required longer reaction times (table 4.2, run 8, 10, 16, 18), 
however, the electronic nature of the substituents on the reactants did not affect the performance of 
the catalyst. When using substrates containing more than one azide or alkyne functionality, the 
reactions proceeded smoothly over time reaching good yields (table 4.2, run 24-26). In all cases, the 
products were pure enough for characterization by NMR spectroscopy.  
 
Table 4.2 Click reactions carried out under neat conditions 
 
 
Run Triazole 
Product 
          Triazole structure Spectral 
referencea 
Time Yield 
(%) 
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R N3 + R'
6 (0.5mol%)
Neat, r.t., t
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1 10 
 
P1 10min 100 
2 11 
 
P2 30min 100 
3 12 
 
P3 15min 95 
4 13 
 
P4 1.5h 100 
5 14 
 
P4 4h 99 
6 15 
 
P3 30min 88% 
7 16 
 
P5 2.5h 100 
8 17 
 
P6 3.5h 98 
9 18 
 
P2 30min 100 
10 19 
 
1.25((s, 1H, t-
Bu), 5.38 (s, 2H, 
CH2), 7.19 (s, 
1H, CH), 6.99 (t, 
1H, Ar), 7.07(s, 
2H, Ar), 7.17-
3h 98 
N
N N
N
N N
F
N
N N
Hept
N
N N
N
N N
OH
N
N N
Si
N
N N
OH
N
N N
OH
Ph
Ph
N
N N
F
N
N N
F
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7.21 (m,1H, Ar) 
11 20 
 
P7 3.5h 99 
12 21 
 
P8 5h 98 
13 22 
 
P9 5min 99 
14 23 
 
P9 30min 100 
15 24 
 
7.58-7.60(m, 5H 
Ar), 7.25-7.36 
(m, 5H, Ar) 
7.23(s, 1H, CH), 
5.08(s, 2H,  
CH2), 4.23 (q, 
2H, CH2), 1.28 
(t, 3H, CH3) 
3.8h 98 
16 25 
 
7.60 (s, 1H, CH), 
5.14 (s, 2H, 
CH2), 4.27 (q, 
2H, CH2), 1.24-
2.06 (m, 10H, 
Cy), 1.30(t, 3H, 
CH3) 
2.5h 99 
17 26 
 
P9 1.5h 99 
18 27 
 
7.24-7.29 (m, 
2H, Ar), 7.07-
7.10 (m, 3H Ar), 
6.94 (s, 1H, CH), 
4.53 (t, 2H, 
CH2), 3.18 (t, 
2H, CH2), 1.30 
(s, 9H, t-Bu) 
2h 99 
19 28 
 
7.25-7.33 (m, 
2H, Ar), 7.10-
7.13 (m, 3H, Ar), 
7.28 (s, 2H, 
CH2), 4.74(s, 2H, 
CH2) 4.58 (t, 2H, 
CH2), 3.21 (t, 
1.5h 99 
N
N N
OHF
N
N N
OHF
N
N N
OH
N
N NO
O
N
N N
OH
Ph
Ph
O
O
N
N N
OH
O
O
N
N N
N
N N
N
N N
OH
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2H, CH2) 
20 29 
 
7.21-7.32 (m, 
2H, Ar), 7.03-
7.07 (m, 3H, Ar), 
6.73 (s, 1H, CH), 
4.53 (t, 2H, 
CH2), 3.19 (t,2H, 
CH2)  
2.5h 98 
21 30 
 
P10 1.3h 99 
22 31 
 
7.02-7.10 (m, 
2H, Ar), 6.87-
6.90 (m,3H, Ar), 
7.02 (s, 1H, CH), 
4.40 (t,2H, CH2), 
2.99 (t,2H, CH2), 
0.08 (s, 9H, 
Me3Si) 
4h 80 
23 32 
 
 
P3 
3.5h 95 
24 38 
 
mixture of 
isomers: 7.33-
7.38 (6H, Ar), 
7.23-7.26 (m, 
4H, Ar), 5.49 (s, 
2H, CH2), 5.47 
(s, 2H, CH2), 
2.70 (m, 4H, 
(CH2)2), 2.20 
(dd, 4H, (CH2)2), 
1.92 (t, 2H, CH2) 
24h 99 
 
    
25  
39 
 
7.82-7.85(m, 6H, 
Ar), 7.74(s, 2H, 
CH), 7.30-7.48 
(m, 4H, Ar), 4.39 
(t,4H, (CH2)2) 
1.95 (m,4H, 
(CH2)2), 1.26-
1.35 (m, 16H 
(CH2)8) 
48h 76 
    
    
N
N N
OH
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Ph
N
N N
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N N
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N N
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N
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26 40 
 
7.95 (s, 2H, CH), 
4.50 (d, 4H, 
(CH2)2), 4.31 (t, 
H (CH2)2) 1.78 
((CH2)2), 1.22 
((CH)2)8 
48h 90 
    
    
a 1H-NMR data is included for the new products 
 
 
 
4.2.5 Synthesis of  an oligomer by CuAAC 
	  
Due to the successful application of the CuAAC reactions with catalyst 6 on the CuAAC reactions with 
more than one azide or terminal alkyne functionality, a cyclization of a 1,12-dodecylazide and 1,7-
octadiyne. From the 1H-NMR analysis, it turned out that at 48h, 80% of the azide had been consumed 
(table 4.3).  The flexible alkyl spacers formed prevented further chain growth by formation of cyclic 
systems24 and as a consecuence the values of MN and PDI were relatively  low for a long chain 
polymer. 
 
Table 4.3 Synthesis of an oligomer by Click reactions 
 
Run Time (h) Yield (%) MN PDI 
1 24 48  1.55 
2 48 80  1.8 
 
4.2.6 Synthesis of 1,4-substituted triazoles with azides formed in-situ.  
	  
When the stability of the azide is too low to be isolated and used in its pure form, a procedure in which 
the azide was formed in-situ from alkyl and/or aryl halide was followed.  The use of water was limited 
by the chemical properties of the starting alkyl halide, e.g., benzyl bromide and methyl iodide gave 
excelent results in pure water as the reaction media (runs 1, 2, table 4.4),  however, when other azide 
precursors were used, a mixture of DMSO/water was necessary in order to increase the yield of the 
reaction. According to our results, the order of preference for halide substituents in the alkyl or benzyl 
group are: I>Br>Cl, which is in accordance with their ability as leaving group.   
  
Table 4.4 Synthesis of triazoles by in-situ prepared azides 
NN N
NN
N
10
OHHO
N N
N
10
N
NN
4 n
N3 N3 + 2
12
6 (0.5mol%)
r.t., t
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Run Triazole 
product 
Structure of the triazole 
product 
Reaction 
time (h) 
Temper
ature 
(°C) 
Spectral 
reference 
Yield 
1 10a 
 
1.5 R.T. P1 98 
2 42b 
 
2.5 R.T. P12 95 
3 43a 
 
3 R.T. P13 90 
5 44a 
 
9 80 P14 85 
6 45c 
 
4 R.T. P15 89 
7 46a 
 
12 80 P16 75 
8 47d 
 
8 60 7.89 (s, 2H, CH), 
7.83-7.87 (m, 6H, 
Ar), 7.33-7.55 (m, 
4H, Ar), 4.82 
(t,2H, CH2), 3.81 
(t, 2H, CH2) 
88 
9 48 
 
8 R.T. P17 85 
R X Ar+
NaN3 (1.1eq),
6 (0.5mol%) N
N N
Ar
R
water, r.t., t
N
N N
N
N N
N
N N
N
N N
N
N N
N
N N
N
N
N
N
N
N
N
N N
N
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10 49 
 
8 R.T. P18 91 
a From alkyl (benzyl) bromide, b from alkyl iodide, c from allyl bromide, solvent: DMSO/water 1:1,d 
dibromoethane, solvent DMSO/water 1:1. 
 
4.2.7 Synthesis of 1,4,5-substituted triazoles 
	  
As the low reactivity of internal alkynes to the CuAAC reactions is well known, reaction of 
diphenylacetylene and 3-hexyne with benzyl azide (table 4.5) demanded a higher energy consumption 
than that needed for organic azides and terminal alkynes. The results achieved with terminal alkyynes 
do not differ from those of Nolan’s group for SIMesCu-Br 25. This confirms that NHC-Cu(I) complexes 
represent an excelent operative opcion for CuAAC reactions. 
 
Table 4.5 Synthesis of 1,4,5-triazoles by catalyst 6 
 
 
Run Product 
triazole 
Triazole structure  Reaction time (h) Yield (%) Ref 
1  
 
50 
 
 
24 
 
 
12 
 
 
 
P2 
2  48 38  
3  
51 
 
24 46 P2 
4  48 82  
 
4.2.8 Synthesis of 1-substituted triazoles 
	  
 Less attention has been paid to this type of triazoles, despite their growing importance in organic 
synthesis26. From recent literature it can be concluded that CaC2 as source of acetylene and pure 
acetylene gas have been successfully used for the synthesis of 1-substituted triazoles from 
acetylene27. These procedures however required the use of high catalyst loads (10 to 23 mol% of Cu 
relative to reactants) as well as the use of co-catalysts (amines) at high concentration. From our 
results, we found out that a more efficient and eco-friendly procedure was the use of acetylene gas 
since it provided a continous flow of alkyne that enabled the use of mixtures of water/DMSO and even 
sole water as the only reaction media (table 4.6). The use of aqueous environment was facilitated by 
the high water-solubility of catalyst 6. A catalyst load of 0.5 mol% and the absence of co-catalyst were 
enough for attaining high reaction yields. The use of CaC2 was less efficient since part of the produced 
N
N N
OCH3
R+
6 (5mol%) NN N
R
Neat, 80oC , t
R
N3
R
N
N
N
N
N
N
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acetylene escaped from the reaction mixture, resulting in a lower reaction yield when water was 
present as the sole reaction solvent (run 1, table 4.6). In this case, a one-pot procedure in which the 
azide is formed in-situ is also feasible (table 4.6, run 7, 8, 10, 11-14). 
 
Table 4.6 Synthesis of 1-substituted triazoles in aqueous media 
 
 
Run Triazole 
product 
Triazole structure Source 
of 
alkyne 
Solvent Time 
(h) 
Yield 
(%) 
Spectral 
reference 
1 52 
 
CaC2 
(1.5eq) 
H2O 12 55 7.41 (s, 2H, Ar), 
7.04-7.09(m, 3H, 
Ar), 6.87-6.90(dd, 
2H, CH), 4.42 (t,2H,  
CH2), 3.01 (t, 2H, 
CH2) 
2 CaC2 
(1.5eq) 
H2O:DMSO 12 85  
3 C2H2 H2O 12 94  
4 C2H2 H2O:DMSO 12 98  
5a C2H2 H2O 18 95  
6 53 
 
C2H2 H2O 18 99 P19 
7a C2H2 H2O 18 95  
8a,b  
54  
C2H2 H2O:DMSO 18 75  7.56 (s,1H, CH), 
7.73(s, 1H, CH) 4.06 
(s, 3H, CH3) 
9  
55  
C2H2 H2O 18 86 7.64 (s, 1H, CH), 
7.51 (s,1H,  CH), 
4.31 (t, 2H, CH2), 
1.84 (m,2H, CH2), 
1.18-1.26 (m, 
8H,(CH2)4), 0.8 (m, 
3H,CH3) 
10a,b  
56 
 
C2H2 H2O:DMSO 18 80  P20 
11a,b  
57  
C2H2 H2O:DMSO 24 75 c 7.63-7.59 (d, 1H, 
CH), 5.62-5.75 (m, 
1H, CH, Allyl), 4.98-
5.04 (m, 2H, CH2, 
Allyl), 4.39 (t, 2H, 
CH2), 2.60 (t,2H, 
CH2) 
+
6 (0.5mol%) N
N NR
Water,r.t., t
R N3
N
N N
N
N N
N
N N
N
N N6
N
N N
O
O
N
N N
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12a,b  
58 
 
 
C2H2 
H2O:DMSO 18 85  7.51 (s,1H, CH), 
7.28 (s,1H, CH), 
7.03-7.08(m, Ar, 2H, 
6.85(t, 2H, Ar), 5.33 
(s, 2H, CH2) 
13a,b  
59 
 
 
C2H2 
H2O:DMSO 18 88  P21 
14a,b  
60 
 
 
C2H2 
H2O:DMSO 18 95  P22 
15  
61  
 
C2H2 
H2O:DMSO 24 75  7.63 (s, 2H, CH), 
7.47 (s, 2H, CH), 
4.31 (t, 4H (CH2)2), 
1.64 (m, 4H, (CH2)2), 
1.21 (m, 20H, 
(CH2)10) 
a From azide formed in-situ (benzyl bromide and sodium azide), b Solvent mixture H2O:DMSO 1:1 v/v, 
c  Reaction at 750C 
 
As is well known, tosyl azides have special reaction patterns towards CuAAC28. In our attempt to 
produce 1-tosyl-triazole in pure pure water failed, possibly due to the low solubility of the starting 
material. When the solvent was changed to DMSO, a dramatic change in reactivity was found, leading 
to tosyl-acetamide as the sole product in quantitative yield (eq 1), which is an accordance with the 
results found by Chang et al.29. Catalyst 8 was able to perform the catalysis under low catalyst load 
and with no need for external co-catalysts. This opens the posibility of using acetylene gas as an 
efficient source of acetamide bonds in organic and biological chemistry30. 
 
Figure 4.3 Synthesis of tosylacetamide by catalyst 6 
 
4.2.9 Synthesis of 4-substituted triazoles.  
	  
Due to the electronic structure of the inorganic HN3, the processes involved in the synthesis of 1-H-
1,2,3-triazoles demand a high energy consumption and/or involve deprotection steps and the 
employment of more elaborated azides31. Since the first report by Jin32, only a few publications have 
described the synthesis of this type of triazoles from nonactivated terminal alkynes. Other publications 
use substrates that involve previous synthetic procedures and more toxic solvents like DMF 33. Due to 
the inherent electronic properties of the inorganic azide HN3, which in contact with water hydrolizes as 
hydrazoic azid, becoming in properties more similar to the mineral acids (HCl, HBr, etc). For this 
reason, the reactivity of phenyl acetylene and HN3 towards CuAAC reactions was too low that poor or 
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1 atm
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1 mmol
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no yield was found for reactions in aqueous conditions even at boiling temperature (table 4.7, runs 1-
13). The best yields were found when mixtures AcOH/water were used (runs 10-11, table 4.7), 
probably because AcOH reduces the ionic character of the HN3 produced during the reactions. When 
the solvent was shifted to DMSO, the yield increased dramatically and the best result was obtained 
with mixtures AcOH/DMSO as the solvent, applying 2 equivalents of NaN3 as the source of the azide, 
this is probably due to the lower ionic character of the HN3 in DMSO, making it susceptible to perform 
CuACC with the terminal acetylene. Further investigation is in progress in order to extent the scope of 
this synthetic route. 
 
Table 4.7 Synthesis of 4-phenyltriazole by catalyst 6 
 
Run Source of N3- 
(2eq) 
Source of H+ 
(2eq) 
Solvent Temp (°C) Yield (%) 
1 NaN3 ------------- H2O R.T. N. R. 
2 NaN3 ------------- H2O 100 N. R. 
3 NaN3 HCl aq. H2O R.T. N. R. 
4 NaN3 HCl aq. H2O 100 N. R. 
5 NaN3 K2CO3 H2O 100 N. R. 
6 NaN3 NaHCO3 H2O 100 N. R. 
7 NaN3 AcOH H2O 100 <5 
8 NaN3 AcOH + DIPEA H2O 100 <5 
9 NaN3 AscH H2O 100 15 
10 NaN3 AcOH + NaAsc H2O 100 24 
11 NaN3 AcOH (ex)+NaAs 
(1 eq) 
AcOH/H2O 100 34 
12 TMSN3  -------- H2O 100 <5 
13 TMSN3 AcOH H2O 100 <15 
14 NaN3 AcOH(ex.) DMSO 110 96 
15 NaN3 AcOH (2 eq) DMSO 110 95 
16 TMSN3 ----- DMSO/H2O 
9:1 
110 65 
17 TMSN3 ------ DMSO/MeOH 
9:1 
110 94 
NaN3 (2eq)
6 (5mol%)
N
N NH
H+source,
solvent,Temp,12h
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Having in mind the promising results obtained In the last procedure, we were prompted to use different 
Alkyne sources, from which the triazoles shown in table 4.8 were obtained. Excelent to moderated 
yields were achieved by using mixtures of DMSO and acetic acid as the source of the HN3. Important 
for this reaction was the use of dry conditions so the HN3 formed from the reaction of NaN3 and AcOH 
does not hydrolize has hydrazoic acid.  Additional research is indispensable in order to improve the 
yield of the reactions, however this procedure reoresents a very good aproximation to a general 
reaction path for the use of CuAAC for the synthesis of 4-substituted triazoles. 
 
Table 4.8 Synthesis of 4-substituted triazoles by CuAAC reactions using catalyst 6 
4.2.10 Bioconjugation experiments 
	  
The performance of water-soluble Cu-NHC catalyst for CuAAC reactions with unprotected peptides in 
aqueous conditions has been studied. In order to test the behavior of our catalyst in CuAAC with 
peptides with a biological function, we have chosen the DNA binding domain of a bZip Leucine zipper 
transcription factor as a substrate for the reaction. This type of proteins binds specific DNA sequences 
by dimerization and insertion of short α-helices (binding domain) into the DNA major groove [34]. 
Successful attempts to synthesize DNA binders based on this type of transcription factor 26 have been 
reported with the purpose to prevent specific genes from being transcribed. In order to simplify and 
synthesize the models, the dimerization domain is substituted by a simpler construct (figure 4.4). 
 
 
Run 
 
Triazole Product Triazole Structure Yield (%) Spectral 
reference 
1 62 
 
96 P23 
2 63 
 
92 P23 
3 64 
 
60 7.42 (s, 2H, CH), 1.29 
(9H, t-Bu) 
4 65 
 
55 P24 
R
NaN3 (2 eq)
6 (0.5mol%)
AcOH:DMSO 1:1
110oC, 12h
N
N
HN
R
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Figure 4.4 Substitution of the leucine zipper coiled coil of bZIP transcription factors with synthetic scaffolds for the conjugation 
of the binding domain. C-terminal cysteine GCN4 has been conjugated to different dimerizers: A) Disulfide bridge between two 
peptides GCN4.[35] B) Chiral organic bisphenyl linker by Morii.[36] C) Supramolecular associations by ciclodextrin/adamantyl 
inclusion complexes by Morii.[37,38] D) Octahedral coordination FeII complex. by Schepartz.[39] E) Azo-benzene linker for 
lightcontrolled DNA binding by Mascareñas.[40] 
 
 
Consequently, the modification of GCN4 binding domain towards a transcription factor model has 
been of particular interest for gene therapy. Surprisingly, there are not studies so far of modified GCN4 
binding domain for conjugation purposes by click chemistry. Here, we report the possibility of our 
sulfonated NHC-Cu(I) catalyst to successfully functionalize the peptide comprising the basic region 
DNA binding domain (figure 4.5) with an organic azide via click chemistry. Firstly, we synthesize the 
peptide on a solid support, in which the C-termini is functionalized with an alkyne. Then, cleavage and 
deprotection are carried out using TFA/TIS/H2O 95:2.5:2.5. Precipitation in cold ether gives the 
desired peptide. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 bZIP Leucine Zipper transcription factor and its peptide comprising the DNA binding domain. Functionalization of the 
C-termini with an alkyne allows the cycloaddition of an azide. 
Triazole formation starting from alkyne and/or azide tagged peptides was followed under standard 
conditions using microscale techniques. The catalysis is carried out preferably under ambient 
conditions of temperature and long reaction times.  
Two GCN4 derived peptides, one 10 mer and one 23 mer, were synthesized on 2-chlorotriyl chloride 
polystyrene resin using an automated Syro peptide synthesizer with the C-terminal residue comprising 
an alkyne functionality. Click reaction was carried out in deoxygenated water and 
Hexafluoroisopropanol to disrupt H-bonding interactions within the peptide using 1.5 equivalents of 
catalyst 6 under anaerobic conditions overnight. The modified peptides were purified by HPLC with 
fraction collection and analyzed by LC-MS(ESI) and MALDI-TOF. The generation of the copper σ-
acetylide intermediate in such an environment is highly challenging, therefore a slight excess of 
catalyst 7 is needed. Moreover, it is worth noticing that both sequences are rich in arginine residues, of 
Dimerizerr
Dimerizersr
A B C
D E
β
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which the guanidinium side chain can easily coordinate with copper and inhibit the reaction. The 
resulting peptides are depicted in figure 4.6. 
 
Results showed full completion of the reaction and confirmed the application of our water-soluble 
(NHC)2Cu (I) catalysts 7 for the functionalization of deprotected peptides applying the CuAAC 
strategy. 
 
 
 
Figure 4.6. bZIP Leucine Zipper transcription factor and its peptide comprising the DNA binding domain. Functionalization of the 
C-termini with an alkyne allows cycloaddition-based modification with a non-peptide azide moiety. 
 
4.2.11 Heterogeneous CuAAC catalysis by an ionically immobilized Cu(NHC)2 complex catalyst 
	  
Having in mind all these results for a water-soluble Cu(I) catalyst, we were encouraged to take further 
advantage of the ionic functionality inserted into the NHC ligand and used to ionically immobilize the 
complexes into an anion exchanger, by doing so, we used the crosslinked polystyrene-co-
divinylbenzene based anion exchanger Amberlyte® IRA 402, which holds benzyl-trimethyl ammonium 
groups. After two washing cycles with water, the result was the immobilized NHC-Cu (I) catalyst 7-IRA 
402 shown figure 4.7. Several hours were needed for the total ion exchange, which was visually 
detected by the change in colour of the initial solution. At the end of the reaction, the solution became 
clear from being initially brownish, the new catalyst-emmbebed resin change from its typical yelowish 
to brownish (see image 4.1). The analysis of the water phase by XRF did not show a trace of Cu (I) 
ions after the immobilization, which confirmed the total insertion of the Cu(NHC) catalyst on the resin.  
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                                          A                                                                        B 
Image 4.1. Images of the ion exchanger Amberlyte® IRA 402 in water before the reaction with the ionic 
catalyst 7 (A) and after the reaction (B) in water. 
 
The new heterogeneous catalyst 7-IRA 402 was applied for the three-component Click reaction of 
benzyl azide and phenyl acetylene (figure 4.8). The reaction carried out under mecanical stirring 
showed slow conversion under standard conditions, due probably to the poor contact between the 
reactant and the catalyst in heterogeneous phase. However, when applying ultrasound instead of 
mechanical stirring, the reaction was greatly accelerated, allowing full yield conversion after 5h 
reaction. This prompted us to reuse the immobilized catalyst by extracting the newly formed product 
with an organic solvent and adding fresh substrates into the same pot avoiding contact of the 
heterogeneous catalyst with the environment. The capability of this heterogeneous catalyst to be 
resued allowing high yields was possible for a maximum of 4 catalytic cycles, after the fourth cycle, the 
yield decreases dramatically (graph 4.2), due possibly to the leaching of the Cu(I) species, which was 
confirmed by XRF experiments of the organic phase (graph 4.3). 
 
 
 
N N
Cu
NN
PF6
N
Cl
+
N N
Cu
NN
PF6
N
N
H2O
r.t., 12h
7-IRA 402
Anion exchange resin
Amberlyte® IRA 402
SO3K
KO3S O3S
SO3
7 (0.1 meq K+)
1meq Cl-
Immobilizaton of catalyst 7 by ion exchange
Figure 4.7 Immobilization of catalyst 7 by ion exchange with the anion exchanger IRA-402
Br
+
NaN3 (1.2 eq), H2O, R.T.
5h, ultrasound
N
N N
1eq 1.2 eq
7-IRA 402 (2mol% Cu)
99%
Figure 4.8Heterogeneous three-component Click reaction by the immobilized NHC-Cu catalyst 7-IRA 402
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To our delight, the heterogeneous catalyst 7-IRA 402 was able to perform Click reactions by using 
acetylene gas as the source of the alkyne. Again, ultrasound was determinant to achieve high 
conversion in a short time. This provides high a versatility of this catalytic system to be used on 
industrial scale. 
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4.2.12 Mechanistic analysis 
	  
All	   first	   principle	   kinetic	   calculations	   were	   performed	   on	   full	   catalyst	   models	   of	   species	   7 and 9  
(Figure 4.2) at the B3LYP/6-311+g(d,p)-D3//B3LYP/6-31+g(d) level of theory.	   The	   goal of the 
calculations was twofold; (1) providing a highly accurate reaction mechanism of CuAAC catalyzed 
reactions by the new Cu-NHC complexes and (2) investigating the electronic effect of carbon-carbon-
bond of the NHC-ligand on the click reaction of benzyl-azide and phenyl acetylene. For the coupling 
between these molecules to happen on bi-ligand complexes (see Figure 4.2), there are steric 
limitations. We have therefore restricted the computations to mono-ligand versions of catalyst 7 and 9. 
In experimental conditions, one can expect that mono-ligand complexes as well as bi-ligand 
complexes are available, which is the case if there exist an equilibrium between them. In the following 
paragraphs, full catalytic cycles (Figure 4.10) with corresponding free energy profiles (Figure 4.12 and 
4.13) will be disscussed more in detail. 
 
Starting from acetylene adsorbed on the mono-ligand (complex E or Cu-L, Figure 4.10), the complex F 
can be formed that can undergo a deprotonation step onto the internal sulfate group generating a Cu-
(I)-acetylide complex (TS-3, Figure 4.10 and 4.11). Such type of complex was also observed by Nolte 
et al., who postulated - based on experimental findings - a six-step catalytic cycle for a standard click 
reaction on Cu.41 Our computationally modeled cycle contains much similarity with this scheme, 
however, in our case, the Cu-triazole product is formed immediately according to the intrinsic reaction 
coordinate (IRC) scan from TS-1 (Figure 4.10). Remark that with the availability of a sulfate group on 
the NHC-ligand, protonation and deprotonation steps can happen internally. This feature of our new 
water soluble Cu-NHC catalyst does also explain why the catalysts work under neat conditions and in 
organic solvents.   
The theoretical pathway continues then from a Cu-(I)-acetylide complex (complex A, Figure 4.10), 
followed by co-adsorption of the benzyl azide (complex B, Figure 4.10) and subsequent coupling 
reaction (TS-1, Figure 4.10 and 4.11) to form a Copper-triazole complex (complex C, Figure 4.10). 
After an internal protonation step (TS-2, Figure 4.10 and 4.11), the 1-benzyl-4-phenyl-1,2,3-triazole is 
adsorbed onto the mono-ligand catalyst (complex D, Figure 4.10) and can be released, which would 
regenerate the mono-ligand complex Cu-L (or complex E, Figure 4.10). Then acetylene is adsorbed 
onto this complex, starting up the next catalytic cycle. Based on the free energy differences between 
D, E and F (Figure 4.12), it is however more likely, that 1-benzyl-4-phenyl-1,2,3-triazole is directly 
exchanged for acetylene, skipping complex E.  
Table 7 shows the free energy contributions between the states of the catalytic cycle in Figure 4.10, 
which can be split in enthalpy and entropy contributions. Remark that the click reaction is very 
exergonic with reaction free energy differences around -310 kJ/mol. In order to quantify the relative 
rates between catalyst 7 and 9, one can look to the difference in activation free energy for the rate 
determining step. In first instance, consider the free energy difference between complex A and benzyl 
azide and TS-1, this is also called the apparent free energy barrier. On the other hand, if complex B is 
taken as the reference state for the reactants, we obtain the intrinsic free energy barrier.  
A comparison of these barriers results in a rate acceleration of 38.5 for the apparent kinetics for 
catalyst 7 with respect to catalyst 9. For the intrinsic kinetics, the acceleration ratio would only be 0.55. 
Remark that species B was created somewhat arbitrary by fixing the Cu-N distance on 2.55 Å. This 
means that the intrinsic rate activation is not so reliable as the applied procedure resulted in extra low 
frequencies, biasing the entropy contributions of complex B (cf. Table 4.9). Indeed, normally the 
entropy contributions between catalyst 7 and 9 are very similar, except for reactions from and to 
complex B.  
The apparent rate acceleration of 38.5 is however not that of the global catalytic cycle. It is therefore 
more correct to construct a reduced catalytic cycle, with only the major states and then compare the 
global activation free energy. Figure 4.13 shows such a scheme, in which the (de)protonation 
transition states have been omitted; there is right now only one large free energy barrier. The global 
free energy barrier from F amounts to 132.2 kJ/mol and 136.5 kJ/mol, for catalyst 7 and 9 respectively. 
This gives a rate acceleration of 5.8 between both complexes, which is in agreement with the 
experimentally observed rate acceleration of 4 between catalyst 6 and 8 (Graph 4.1). As these 
catalysts have only one CH2 group less compared to catalyst 7 and 9, the difference in rate between 
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catalyst 7 and 9 will be similar, and thus, is in very good agreement with the computationally predicted 
acceleration of 5.8. 
 
Table 4.9. Free energy (ΔG, kJ/mol), enthalpy (ΔH, kJ/mol) and entropy contributions (-T.ΔS, kJ/mol) 
are given at 25 °C between the various states within the catalytic scheme of Figure 4.10.  
 Catalyst 7 Catalyst 9 
 ΔG ΔH -T.ΔS ΔG ΔH -T.ΔS 
A + benzyl azide à TS-1  82.0 14.1 68.0 91.1 27.5 63.6 
TS-1 à  C -311.0 -325.3 14.3 -306.4 -318.7 12.3 
C à  TS-2 5.6 -0.4 6.0 4.1 -2.3 6.4 
TS-2 à  D -85.9 -65.8 -20.2 -92.3 -71.8 -20.5 
D à  E + prod 131.5 183.2 -51.7 129.8 179.2 -49.3 
E + acetylene à F -77.9 -128.7 50.9 -77.2 -127.6 50.4 
F à TS-3  67.5 68.1 -0.6 69.2 69.2 0.0 
TS-3 à  A -17.4 -13.1 -4.3 -23.8 -23.3 -0.5 
       
A + benzyl azide à  B -12.4 -56.5 44.1 -1.8 -33.5 31.6 
B à TS-1 à C 94.4 70.6 23.8 92.9 61.0 31.9 
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Figure 4.10: Full catalytic cycle with in which Cu-L represents complex 6 or 8 with only one ligand. Once a 
Cupper—alkyne complex (A) is formed, the reaction proceeds with the 1,3 dipolar cycloaddition of Cupper-
acetylene complex and the adsorbed azide (TS-1) followed by an almost barrierless transition to 1-benzyl-4-
phenyl-1,2,3-triazole (D). After a protonation step the 1,4-disubstituted 1,2,3-triazole is released. The cycle is 
completed by adsorption and deprotonation of another alkyne forming again the Cupper alkyne complex (A). 
 
 
Figure 4.11: Transition states; TS-1, click reaction of benzyl azide and phenylacetylene; TS-2, (de)protonation of 
triazole XX; TS-3, (de)protonation of phenyl acetylene. 
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Figure 4.12: Modeled full free energy profile of the catalytic complexes displayed in Figure M1 
 
Summarizing, the mechanism of the new NHC-Cu catalysts for the alkyne-azide cycloaddition has 
been investigated. The new NHC ligand with sulfate group allows internal deprotonation and 
protonation steps of the alkyne and formed reaction product, respectively. Furthermore, a rate 
accelaration of 5.8 was found between saturated and unsaturated Cu-NHC-catalysts for the 
cycloaddition of benzyl azide with acetylene, which agrees well with experiment. 
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Figure 4.13 Condensed catalytic cycle with corresponding free energy profile.  
 
 
4.3  CONCLUSIONS AND OUTLOOK 
 
We have presented for the first time the synthesis of sulfonate functionalized bis-NHC-Cu(I) 
complexes and their application in Click reactions for a variety of reaction conditions, illustrating the 
high versatility of these compounds, for the synthesis of triazoles with different substitution patterns. 
We haver further shown the use of these water-soluble complexes in bioconjugation experiments, 
attaining for the first time the functionalization of an unprotected 25-aminoacid chain peptide using low 
catalyst loading, which otherwise would need a much higher amount of Cu(I) to achieve high efficiency 
due to the chelating properties of certain aminoacid residues. We could take further advantage of the 
ionic functionality inserted into the NHC ligand and used this feature to ionically immobilize these 
complexes on an anion exchange resin. Moreover, both, the homogeneous and heterogeneous 
catalysts even performed Click reactions by using acetylene gas as the alkyne source. Exploiting tosyl 
azide as substrate generated tosyl-acetamide as the sole product and thus broadens the scope of the 
newly developed catalysts. Mechanistic analysis of the Cu(I) catalysts bearing sulfonate functionalized 
NHC ligands shows that the sulfonate group allows internal deprotonation and protonation steps of the 
alkyne and formed reaction product, respectively. Comparison of energy barriers confirmed that the 
complexes with saturated ligands are more active than the complexes with unsaturated ligands toward 
Click reactions, which is in good agreement with the experiments. 
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4.4 EXPERIMENTAL SECTION 
	  
4.4.1 General conditions 
 
All reagents were used as purchased, Cu(I) sources were stored under argon in a glove box. Solvents 
were dried under standard procedures. 1-(2,4,6-trimethylphenyl)-3-(3-sulfonato-propyl)-imidazolium 
and 1-(2,4,6-trimethylphenyl)-3-(4-sulfonato-butyl)-imidazolium were synthesized according to 
literature procedures42. Azides were synthesized according to literature procedures43. Bis[1,3-
bis(cyclohexyl)imidazol-2-ylidene]copper(I) hexafluorophosphate was synthesized according to the 
literature procedures44. NMR characterizations were carried out using a Bruker Avance 500 MHz 
spectrometer, chemical shifts (d) are reported in parts per million (ppm) referenced to 
tetramethylsilane ( 1H) or the internal (NMR) solvent signals (13C). ESI-MS spectra were recorded on a 
quadrupole ion trap LC mass spectrometer, equipped with electrospray ionization. For the structure of 
compound 3, X-ray intensity data were collected on a Agilent Supernova Dual Source (Cu at zero) 
diffractometer equipped with an Atlas CCD detector using CuKα radiation (λ = 1.54178 Å) and ω 
scans. The images were interpreted and integrated with the program CrysAlisPro (Agilent 
Technologies) 45. Using Olex2 46, the structure was solved by direct methods using the ShelXS 
structure solution program [6] and refined by full-matrix least-squares on F2 using the ShelXL program 
package47. Non-hydrogen atoms were anisotropically refined and the hydrogen atoms in the riding 
mode and isotropic temperature factors fixed at 1.2 times U(eq) of the parent atoms (1.5 times for 
methyl groups and the hydroxyl group). 	  
 
4.4.2 Synthesis of ligands 
1-(2,4,6-trimethylphenyl)-3-(3-sulfonato-propyl)-imidazolidinium 2 
To a solution of 1-(2,4,6-trimethylphenyl)imidazolidine (0.5 g, 2.7 mmol) in 7 ml of dry dichloromethane 
was added 1,3-propanesultone (0.32 g, 2.7 mmol), the solution was refluxed for 12 h. The formed 
suspension was filtered off, washed with diethyl ether and dried under vacuum to yield a white 
powder; yield 100%. X ray analysis was obtained by recristalization from methanol:water. A suitable 
crystal was selected and mounted on a nylon loop on a diffractometer. The crystal was kept at 150(2) 
K during data collection.  
1H NMR (ppm, DMSO-d6):  8.65 (1H,s, N-CH-C), 7.03 (2H, s, Ar), 4.15 (4H, m, N-CH2CH2-N), 3.70 
(2H, t, N-CH2), 2.54 (2H, t, CH2-SO3), 2.27 (3H,s, Me-Ar), 2.26 (6H, s, Me-Ar), 1.95 (2H, q, CH2-(C)-
SO3). 13C NMR (dmso-d6): 158.9, 139, 135, 131, 129, 50.26, 48.13, 47.59, 46.57, 22.8, 20.48, 17.14 
MS, positive mode: [M+H]+ 311.1. 
Crystal Data: monoclinic, space group C2/c (no. 15), a = 20.584(4) Å, b = 16.0252(13) Å, c = 
13.038(2) Å, β = 128.09(3)°, V = 3384.9(16) Å3, Z = 4, T = 150(2) K, µ(MoKα) = 0.206 mm-1, Dcalc = 
1.254 g/mm3, 12880 reflections measured (6.4 ≤ 2Θ ≤ 50.04), 2897 unique (Rint = 0.0450) which 
were used in all calculations. The final R1 was 0.0739 (>2sigma(I)) and wR2 was 0.1576 (all data).  
 
Figure 1: ORTEP plot of 1-(2,4,6-trimethylphenyl)-3-(3-sulfonato-propyl)-imidazolidinium. 
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1-(2,4,6-trimethylphenyl)-3-(4-sulfonato-butyl)-imidazolidinium 4 
To a solution of 1,4-butanesultone (0.37g, 2.7mmol) in 20 mL of dry toluene, was added a solution of 
1-(2,4,6-trimethylphenyl)imidazolidine (0.5 g, 2.7 mmol) in 10 mL of toluene, the resultant solution was 
refluxed for 48 h. The white suspension was filtered off, washed with hexane and ether and dried 
under vacuum to give a white powder; yield 100%.  
1H NMR (ppm, DMSO-d6): 8.76 (s, 1H, N-CH-N), 7.03 (s, 2H, Ar), 4.14 (m, 4H, N-CH2CH2-N), 3.56 (t, 
2H, N-CH2), 2.48 (t, 2H, CH2-SO3) 2.27 (s, 3H, Me-Ar), 2.25 (s, 6H, Me-Ar), 1.78 (t, 2H, NC-CH2), 1.63 
(t, 2H, CH2-CSO3). 13C NMR (ppm, DMSO-d6): 159.45, 139.87, 136.30, 131.94, 130.02, 74.86, 51.04, 
49.01, 47.94, 26.05, 22.42, 21.21, 17.88.  
MS, positive mode: [M+H]+ 325.1. 
 
4.4.3 Synthesis of catalysts 
1. Synthesis of Bis[1-(4-potassiumsulfonatebutyl)-3-(2,4,6-trimethylphenyl)-4,5-dihydroimidazolyl 
-3-ylidine] copper (I) hexafluorophosphate (6) 
324.4 mg of 2 (1 mmol), 186.4 mg of [Cu(CH3CN)4]PF6 (0.5 mmol) in 9 ml of dry THF were transferred 
to an oven-dried vial. To the reaction mixture was added 1 ml solution of potassium t-butoxide 1 M. 
The reaction mixture is stirred at room temperature for 16 h. Thereafter, the reaction mixture was 
filtrated through a pad of celite and concentrated under reduced pressure. The product was obtained 
as a clear brown solid upon precipitation with ether.  
1H-NMR (ppm, DMSO-d6): 6.91 (m, 2H, Ar), 3.78 (m, 2H, N-CH2), 3.76 (m, 2H, CH2-N), 3.53 (t, 2H, 
NCH2-CH3)SO3K), 2.50 (t, 2H, N(CH2)3-CH2-SO3K), 2.24 (s, 3H, CH3 Mes), 2.12 (s, 6H, CH3 Mes) 1.71 
(m, 2H, NCH2-CH2-(CH2)2SO3K), 1.61(m, 2H, N(CH2)2-CH2-CH2SO3K). 13C-NMR (125 MHz, DMSO-
d6): 199.4, 137.05, 136, 135.5, 129, 51.54, 51.46, 51.02, 48.06, 20.56, 17.66. 31P-NMR (125MHz): -
144.18 (m, 1P, PF6-).  
ESI-MS [M-2K-PF6]+ 711.1 
2. Synthesis of Bis[1-(4-potassiumsulfonatebutyl)-3-(2,4,6-trimethylphenyl)-4,5-imidazolyl-3-
ylidine] copper (I) hexafluorophosphate  (9) 
324.4 mg of 4 (1 mmol), 186.4 mg of [Cu(CH3CN)4]PF6 (0.5 mmol) in 9 ml of dry THF were transferred 
to an oven-dried vial. To the reaction mixture was added 1 ml solution of potassium t-Butoxide 1 M. 
The reaction mixture is stirred at room temperature for 16h. Thereafter the reaction mixture was 
filtrated through a pad of celite and concentrated under reduced pressure. The product (IMDS2-Cu) 
was obtained as a clear brown solid upon precipitation with ether.  
1H-NMR (ppm, DMSO-d6): 7.58 (s, 1H, NCH), 7.35 (s, 1H, CHN), 7.05 (s, 2H, Ar-H), 3.81 (t, 2H, 
NCH2), 2.40 (t, 2H, CH2-SO3K), 1.92 (s, 3H, CH3 Mes), 1.83 (s, 6H, CH3 Mes) 1.63 (m, 2H, NCH2-CH2-
(CH2)2SO3K), 1.43(m, 2H, N(CH2)2-CH2-CH2SO3K). 13C-NMR (125 MHz, DMSO-d6): 176.34, 138.53, 
135.44, 134.42, 128.80, 122.39, 122.00, 50.75, 49.94, 31.28, 21.93, 20.60, 17.11;  
ESI-MS [M-2K-PF6]+ 707.1 
3. Synthesis of Bis[1-(4-sodiumsulfonatepropyl)-3-(2,4,6-trimethylphenyl)-4,5-dihydroimidazolyl-
3-ylidine] copper (I) hexafluorophosphate (7).  
Synthesis of this complex was carried out using a similar method as used for the synthesis of complex 
6. The product was obtained as brown solid.  
1H-NMR (ppm, DMSO-d6): 6.92 (m, 2H, Ar), 3.34 (m, 2H, N-CH2), 3.71 (m, 2H, CH2-N), 3.66 (t, 2H, 
NCH2-CH3)SO3K), 2.50 (t, 2H, N(CH2)3-CH2-SO3K), 2.24 (s, 3H, CH3 Mes), 2.14 (s, 6H, CH3 Mes) 1.80 
(m, 2H, NCH2-CH2-CH2SO3K). 13C-NMR (125 MHz, DMSO-d6): 201.49, 136.67, 136.73, 135.20, 131.9, 
51.30, 67.41, 51.02, 48.06, 16.44. 31P-NMR (125MHz): -144.20 (m, 1P, PF6-). ESI-MS [M-2K-PF6]+ 
706.1. ESI-MS [M-2K-PF6]+ 683.1 
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4. Synthesis of Bis[1-(4-sodiumsulfonatepropyl)-3-(2,4,6-trimethylphenyl)-4,5-imidazolyl-3-
ylidine] copper (I) hexafluorophosphate (8).  
Synthesis of this complex was carried out using a similar method as used for the synthesis of complex 
6. The product was obtained as dark brown solid.  
1H-NMR (ppm, DMSO-d6): 7.58 (s, 1H, NCH), 7.33 (s, 1H, CHN), 7.01 (s, 2H, Ar-H), 4.00 (t, 2H, 
NCH2), 2.34 (t, 2H, CH2-SO3K), 2.28 (s, 3H, CH3 Mes), 1.77 (s, 6H, CH3 Mes) 11.76(m, 2H, N(CH2)2-
CH2-CH2SO3K). 13C-NMR (125 MHz, DMSO-d6): 176.38, 138.51, 135.44, 134.41, 128.79, 122.36, 
121.98, 50.73, 49.93, 31.287, 21.93, 17.10.  
ESI-MS [M-2K-PF6]+ 679.1 
 
4.4.4 Synthesis of triazoles by CuAAC 
A.	  Synthesis	  of	  1-­‐benzyl-­‐4-­‐phenyl-­‐1,2,3-­‐triazole.	  	  	  
In a vial fitted with a screw cap, benzyl azide (1 mmol), phenylacetylene (1.05 mmol) and catalyst (0.5 
mol%) were loaded. The reaction was allowed to proceed at room temperature and monitored by 1H 
NMR analysis of aliquots. After total consumption of benzyl azide, the solid product is collected by 
filtration and washed with water and pentane. The results are given in Table 4.1. 
B. Synthesis of 1,4-substituted 1,2,3-triazoles under neat conditions.  
In a vial fitted with a screw cap, an organic azide (1.0 mmol), an alkyne (1.05 mmol) and catalyst 
Bis[1-(4-sodiumsulfonatebutyl)-3-(2,4,6-trimethylphenyl)-4,5-dihydroimidazolyl-3-ylidine] copper (I) 
hexafluorophosphate 6 (0.5 mol%, unless specified), are added. In case of molecules bearing two 
azide groups, a slight excess of terminal alkyne was used (1.1 mmol of alkyne per 0.5 mmol of azide). 
For molecules holding two terminal alkyne functionalities, 1.05 mmol of alkyne with 2 mmol of azide 
were used. The reaction was allowed to proceed at room temperature (unless otherwise noted) and 
monitored by 1H NMR analysis of aliquots. After total consumption of the azide, the product as 
collected by filtration and washed with water and pentane. In case of oily products, these were 
extracted with dichloromethane and washed with aqueous NH4Cl. Table 4.2 shows the results for all 
the triazoles produced. The reported conversions were determined by 1H NMR and are the average 
for at least two runs. 
C. Synthesis of 1,4-substituted triazoles under with in-situ formed azides.  
In a vial fitted with a screw cap, alkyl halide (1 mmol) and NaN3 (1.1 mmol) and 1 mL of water (unless 
otherwise noted) were added. The reaction was allowed to proceed at room temperature (unless 
otherwise noted) and monitored by 1H NMR analysis of aliquots. After total consumption of the starting 
azide, the solid product was collected by filtration and washed with water and pentane. In case of oily 
products, these were extracted with dichloromethane and washed with aqueous NH4Cl. Examples of 
the triazoles synthesized by this procedure are given in table 4.3 along with the yields and reaction 
times. 
D. Synthesis	  of	  1,4,5-­‐substituted	  triazoles.	  	  
In a vial fitted with a screw cap, internal alkyne (1.05 mmol) and organic azide (1 mmol) and catalyst (5 
mol%) are added. The reaction was allowed to proceed at 80 °C and monitored by 1H NMR analysis of 
aliquots. After the reaction time, the solid product was collected by filtration and washed with water 
and pentane. After the reaction time, the product is purified by column chromatography (ether:hexane 
1:1 to ether). The results are given in Table S4. 
E. Synthesis of 1-substituted triazoles 
Procedure A) 
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To a vial fitted with screw cap with 1 mmol of azide, 1.5 mmol of CaC2 and 1 mol% of catalyst relative 
to the azide is added 1 mL of deoxygenated water. The reaction was stirred at room temperature and 
monitored by TLC. After the reaction was completed, the mixture was acidified at pH~5 with HCl 0.1N 
and the organic material was washed with brine and extracted with diethyl ether. Column 
chromatography may be needed in case the product is not pure enough. 
Procedure B) 
To a vial fitted with screw cap with 1 mmol of azide and 0.5 mol% of catalyst relative to the azide is 
added 1 mL of deoxygenated water, the vial is purged with acetylene gas and the reaction is stirred 
under a balloon pressure at room temperature and monitored by TLC. After the reaction was 
completed, organic material was washed with brine and extracted with diethyl ether. The reaction is 
also applicable to azides prepared in-situ during the catalysis. Table S5 shows the results obtained 
with benzyl azide both in pure form and formed in-situ in the reaction mixture. Solvents like DMSO, 
acetonitrile or mixtures of acetonitrile/water and DMSO/water may be used, providing excellent yields. 
F. Synthesis of 4-substituted-1,2,3-triazoles.  
To vial fitted with a screw cap was added 1 mmol of the acetylene compound and 2 mmol of NaN3 in 
2mL of solvent, 2mmol of proton source is added to the mixture. The reaction mixture is heated to the 
given temperature for 12h. Thereafter, water is added to the reaction mixture and extracted with ethyl 
acetate. If necessary, the product is purified by column chromatography. The results are given in 
Table S6. 
G. Synthesis of 4-substituted-1,2,3-triazoles.  
To vial fitted with a screw cap was added 1 mmol of the acetylene compound and 2 mmol of NaN3 in a 
mixture of AcOH: DMSO (1:1, dry). The reaction mixture is heated to 110°C for 12h. Thereafter, water 
is added to the reaction mixture and extracted with ethyl acetate. If necessary, the product is purified 
by column chromatography. The results are given in Table S7. 
 
4.4.5 Bioconjugation experiments 
	  
 General information 
 
All organic solvents and chemical reagents were acquired from commercial sources and used without 
further purification or drying. DMF extra dry (with molecular sieves, water < 50 ppm) was used during 
manual couplings and manual Fmoc-deprotections. When utilizing this solvent for resin washing and 
during robot-assisted automated SPPS, peptide synthesis grade was used. The same applies for 
NMP. HPLC grade quality was employed for all other organic solvents. Water was Milli-Q grade 
standard. DIPEA was supplied as redistilled (i.e. dry) (Aldrich). 2-chlorotrityl-chloride resin (90 µm, 
manufacturer’s loading:  .28 mmol/g) was obtained from Merck Novabiochem. All chiral α-amino acids 
used in this paper possessed the L-configuration. Throughout this work, Nα-Fmoc protected residues 
with standard acid-sensitive side-chain PGs were used: Asp(OtBu) [D], Glu(OtBu) [E], Lys(Boc) [K], 
Asn(Trt) [N], Gln(Trt) [Q], Arg(Pbf) [R], Ser(tBu) [S], Thr(tBu) [T]. 
 
Automated peptide synthesis was performed on an automated SYRO Multiple Peptide Synthesizer 
robot, equipped with a vortexing unit for the 24-reactor block (MultiSynTech GmbH). Reactions were 
open to the atmosphere, executed at ambient temperature and shielded from light. 
 
Reversed-Phase HPLC analysis and purification was performed with diode array detection, using a 
(Phenomenex Jupiter) C4 300 Å column (250 x 4.6 mm, 5 µ, at 35 °C), applying a flow = 1.0 mL/min. 
Signals at 214, 254, 280, 310 and 360 nm were simultaneously detected. Through a binary solvent 
system composed of (A =) H2O + TFA (0.1 %) and (B =) CH3CN as mobile phases, linear gradient 
elution has been performed: after injection the column is flushed with x % B for 3 min, followed by a 
linear increase of B (versus A) to 100 % in y min, finishing by flushing with 100 % B for 5 min, after 
which the gradient returns to x % B in 0.5 min, concluding the cycle by flushing with x % B for 3 min. 
Gradient 1 refers therein to (x,y) = (0, 15), or a 0 to 100 % linear increase of B (versus A) in 15 min. 
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ESI-MS spectra were recorded on a quadrupole ion trap LC mass spectrometer, equipped with 
electrospray ionization. MeOH/H2O (4/1 ± 0.1 % formic acid) was used as carrier solution. All data 
were collected in the positive mode, at 250 °C. 
 
MALDI-TOF-MS spectra were acquired with a high performance nitrogen laser (337 nm), using the 
positive and reflector mode with delayed extraction. All measurements were calibrated against 
MePEOH (Mn ≈ 2000, PD = 1.06), spotted from a MeOH (2 mg/mL) solution. Following matrix 
solutions were utilized (made in microtubes, stored in freezer, carefully defrosted and homogenized 
upon use): DHB: 2,5-dihydroxybenzoic acid (98.0 % pure, 10 mg) + CH3CN (500 µL) + H2O (470 µL) + 
TFAaq (30 µL, 3 %); α-CHCA: α-cyano-4-hydroxycinnamic acid (99 % pure, 10 mg) + CH3CN (500 µL) 
+ H2O (400 µL) + TFAaq (100 µL, 3 %). 
 
 
 
Peptide synthesis: 
 
Immobilization of Fmoc-Pra-OH on 2-chlorotrityl chloride resin 
 
 
 
To a suspension of 2-chlorotrutyl chloride resin P1 (0.150 g, 1.55 mmol/g) in dry DCM (10 mL/g resin), 
were added Fmoc-Pra-OH (Fmoc-Propargylglycine) (48 mg, 0.288 mmol) and DIPEA (0.1 mL, 0.576 
mmol). The mixture was shaken at room temperature for 3 h. After the reaction, the resin was washed 
with DCM and Et2O. Fmoc determination was performed to calculate the yield. The loading was 
calculated to be 0.56 mmol/g, indicating a coupling yield of 90%. The resin was then capped with 
MeOH/DIPEA in DCM (3 mL) 3 times for 2 min. 
 
Fmoc deprotection and coupling of Fmoc-Gly-OH: 
 
 
 
NHFmoc deprotection of compound P2. After an initial DMF washing step, resin P2 (0.125 mmol) was 
successively treated twice for 30 min with a piperidine solution in DMF (40 % v/v, 3 mL) at ambient 
temperature, applying intermediate filtration under reduced pressure and washing with DMF, while the 
final resin is additionally washed with CH3CN and DCM. 
 
After Fmoc deprotection, Fmoc-Gly-OH (0.150 g, 0.502 mmol, 0.5 M), PyBOP (0.26 g, 0.502 mmol, 
0.5 M) and DIPEA (0.087 mL, 0.502 mmol, 2 M) were added to a suspension of resin in dry DMF (3 
mL). The mixture was shaken at room temperature for 3 h. After the reaction, the resin was washed 
again with DMF/MeOH/DCM/Et2O/DMF successively.   
 
 
 
 
 
 
P2P1
P2 P3
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Automated synthesis of linear peptide 
 
 
 
 
 
 
 
  
Before automated peptide synthesis, resin P3 was manually NHFmoc-deprotected using the 
procedure described above. 
 
Automated solid phase peptide synthesis was carried out on a Syro synthesizer from Biotage using 
standard Fmoc/tBu chemistry with HBTU as coupling reagent and 20% piperidine in NMP as 
deprotection reagent. 
 
Fmoc deprotected resin (0.125 mmol) was subjected to automated synthesis where solutions of Fmoc-
Nσ-protected amino acids (0.5 M in NMP) were prepared. Each coupling reaction was repeated twice 
for 40 min (amino acids 0.625 mmol; HBTU 0.625 mmol in DMF, 0.5 M; DIPEA 0.625 mmol 2 M) and 
followed by Fmoc deprotection with 20% piperidine in NMP. The N-terminus was capped manually 
with 4-acetamidobenzoic acid (1.25 mmol, 0.5 M), PyBOP (1.25 mmol, 0.5 M), DIPEA (2.50 mmol, 2 
M) in dry DMF. The peptide was then cleaved from the resin and deprotected with a cocktail of 
TFA:TIS:water (95: 2.5: 2.5). After precipitation in cold ether, the peptide was analyzed by RP-HPLC 
and MALDI. 
 
Bioconjugation via CuAAC 
 
 
 
 
12mer GCN4 peptide bearing an alkyne functionality (P4) (3.86·10-3 mmol) was dissolved in 1 mL 
deoxygenated water. The solution was transferred to a reaction vial under argon and the catalyst 
(4.006·10-3 mmol) was added under stirring. Then, a solution of benzylazide in DCM (0.5 M, 2.12·10-2 
mmol) was added. An extra 2.26 mL of deoxygenated water was added followed by 0.670 mL of HFIP. 
The reaction mixture is stirred overnight at room temperature. Analysis and purification of the final 
peptide are done on reverse-phase C4 HPLC. 
 
 
P3 P4
P3 P5
P4 P6
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23mer GCN4 peptide bearing an alkyne functionality (P5) (8.477·10-4 mmol) was dissolved in 0.250 
mL deoxygenated water. The solution was transferred to a reaction vial under argon and the catalyst 
(9.325·10-4 mmol) was added under stirring. Then, a solution of benzylazide in DCM (0.5 M, 4.66·10-3 
mmol) was added. An extra 0.250 mL of deoxygenated water was added followed by 50 µL of HFIP. 
The reaction mixture is stirred overnight at room temperature. Analysis and purification of the final 
peptide are done on reverse-phase C18 HPLC. 
 
 
Immobilization of Fmoc-Aha-OH on 2-chlorotrityl resin 
 
 
To a suspension of resin P1 (0.150 g, 1.55 mmol/g) in dry DCM (10 mL/g resin), were added Fmoc-
Aha-OH (Fmoc-azidohomoalanine) (51 mg, 0.140 mmol) and DIPEA (0.050 mL, 0.279 mmol). The 
mixture was shaken at room temperature for 3 h. The loading was calculated to be 0.65 mmol/g, 
indicating a coupling yield of  91%. The resin was then capped with MeOH/DIPEA in DCM 3 times for 
2 min. 
 
 
 
 
 
Fmoc deprotection and coupling of Fmoc-Gly-OH: 
 
 
 
NHFmoc deprotection of construct P8. After an initial DMF washing step, resin P8 (0.127 mmol) was 
successively treated twice for 30 min with a piperidine solution in DMF (40 % v/v, 3 mL) at ambient 
temperature, applying intermediate filtration under reduced pressure and washing with 
DMF, while the final resin is additionally washed with CH3CN and DCM. 
 
Fmoc deprotected resin (0.127 mmol). Fmoc-Gly-OH (0.151 g, 0.508 mmol, 0.5 M), PyBOP (0.264 
mg, 0.508 mmol, 0.5 M) and DIPEA (0.088 mL, 0.508 mmol, 2 M) were added to a suspension of resin 
in dry DMF (3 mL). The mixture was shaken at room temperature for 3 h.  
 
 
 
 
 
 
 
P7P5
P1 P8
P8 P9
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Automated synthesis of linear peptide 
 
 
 
Before automated peptide synthesis, resin P9 was manually NHFmoc-deprotected using the 
procedure described above. 
 
Automated solid phase peptide synthesis was carried out on a Syro synthesizer from Biotage using 
standard Fmoc/tBu chemistry with HBTU as coupling reagent and 20% piperidine in NMP as 
deprotection reagent. 
 
The resin X (0.127 mmol) was subjected to automated synthesis where solutions of Fmoc-Nσ-
protected amino acids (0.5 M in NMP) were prepared. Each reaction coupling was repeated twice for 
40 min long (amino acids 0.635 mmol; HBTU 0.635 mmol in DMF, 0.5 M; DIPEA 0.635 mmol 2 M) and 
followed by Fmoc deprotection with 20% piperidine in NMP. The N-terminus was capped manually 
with 4-acetamidobenzoic acid (1.27 mmol), PyBOP (1.27 mmol), DIPEA (2.54 mmol) in dry DMF (3 
mL) for 4 hours. The peptide was then cleaved for the resin and deprotected with a cocktail of 
TFA:TIS:water (95: 2.5: 2.5). After precipitation in cold ether, the peptide was analyzed by LC-MS(ESI) 
and MALDI. 
 
 
Bioconjugation via CuAAC 
 
 
 
12mer GCN4 peptide bearing an azide functionality P10 (4·10-3 mmol) was dissolved in 1 mL 
deoxygenated water. The solution was transferred to a reaction vial under argon and the catalyst 
(2·10-2 mmol) was added under stirring. Then, phenylacetylene (2·10-2 mmol) was added. An extra 2.6 
mL of deoxygenated water was added followed by 0.745 mL of HFIP. The reaction mixture is stirred 
overnight at room temperature. Analysis and purification of the final peptide are done on reverse-
phase C4 HPLC. 
 
 
4.4.6. Heterogeneous catalysis by NHC-Cu complexes 
 
Preparation of the heterogeneous catalyst Bis[1-(4-sodiumsulfonatebutyl)-3-(2,4,6-
trimethylphenyl)-4,5-imidazolyl-3-ylidine] copper (I) hexafluorophosphate on Amberlyte® IRA-
402 resin beads 7-IRA 402. 
In a Schlenk vial 0.15 g (0.3 meq/g dried mass) of the anion resin Amberlyte® IRA-402 was placed and 
treated at 60°C under vacuum for 2 h. Afterwards, 47 mg of Bis[1-(4-sodiumsulfonatebutyl)-3-(2,4,6-
trimethylphenyl)-4,5-imidazolyl-3-ylidine] copper (I) hexafluorophosphate (0.05 mmol) and 2 mL of 
deoxygenated water are added to the vial and the mixture was stirred for 12 h at room temperature. 
Thereafter, the water phase is removed from the vial and the catalyst-impregnated beads were 
washed with 5 mL of deoxygenated water. The resin became brownish after the treatment.  
 
P9 P10
P10 P11
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Procedure for the heterogeneous CuAAC reactions for the three component Click reaction of 
benzyl azide and phenyl acetylene in water 
In a vial containing the heterogeneous catalysts 7-IRA 402 (0.02 eq Cu (I)), 78 mg of NaN3 (1.2 
mmol), 130 µL of phenyl acetylene (1.2 mmol) and 122 µL of benzyl bromide (1 mmol) and 1.5 mL of 
deoxygenated water are added. The reaction mixture was stirred for 16 h at room temperature. 
Thereafter, the product was extracted with dichloromethane and the organic phase was dried using 
MgSO4 and finally evaporated under vacuum. The aqueous phase was removed and replaced by 
fresh deoxygenated water for the next reaction cycle. 
Procedure for the heterogeneous CuAAC reactions for the three-component Click reaction of 
benzyl azide and acetylene gas in water 
In a vial containing the heterogeneous catalysts 7-IRA 402 (0.02 eq Cu (I)), 78 mg of NaN3 (1.2 mmol) 
and 122 µL of benzyl bromide (1 mmol) and 1.5 mL of deoxygenated water are added, the vial is 
purged with acetylene gas and subjected to 1 atm of this gas using a balloon. The reaction mixture 
was stirred for 2 h at room temperature under ultrasound. Thereafter, the product was extracted with 
dichloromethane and the organic phase was dried using MgSO4, filtered and evaporated under 
vacuum. The aqueous phase was removed and replaced by fresh deoxygenated water for the next 
reaction cycle. 
 
Recyclability studies of the heterogeneous catalyst 7-IRA 402 
The reactions for the recycling of the heterogeneous catalyst were carried out by the typical procedure 
described above. After the completion of the fresh reaction, the reaction was extracted with 
dichloromethane (3 x 20 mL) under argon atmosphere, the combined organic phases were dried using 
Mg2SO4, filtered and evaporated at reduced pressure. The water phase containing the catalyst was 
removed with syringe and fresh substrates and water were added under argon atmosphere for the 
next catalytic cycle. 
 
4.4.7 Computational methods 
 
The proposed catalytic cycles 48 for complexes 7 and 9 were studied by means of Density Functional 
Theory (DFT). All intermediates and transition states were fully optimized at the DFT level of theory 
using the B3LYP hybrid functional 49,50 and usage of the Gaussian09 package51. The double-zeta 
Pople basis set 6–31+G(d) was used for all the atoms except for Copper, for which the LANL2DZ 
effective core potential and basis set was applied 52. The frequencies were calculated at the same 
level of theory as the geometry optimizations and confirmed that all structures were either local minima 
on the potential energy surface or transition states. Afterwards the energies were refined by single 
point energy calculations at the B3LYP/6-311++g(3df,2p) level of theory. This type of procedure is 
commonly used in theoretical calculations on this type of transition metal catalysis53-­‐55. Furthermore, 
also the van der Waals corrections as developed by Grimme were included 56. More specifically, the 
dispersion corrections are calculated according to the third version of Grimme57. The calculation 
procedures for all rate coefficients, equilibrium coefficients and thermodynamics are based on the in-
house developed software module TAMKIN58.  
 
Old (different level of theory): 
Table S8A. Free energy differences (ΔG, kJ/mol), enthalpy (ΔH, kJ/mol) and entropy contributions (-
T.ΔS, kJ/mol) are given at 25 °C between the various states within the catalytic scheme of Figure 6.A. 
The values are at the B3LYP/6-311+g(d,p)-D3 level of theory for the energies. 
Supplementary table S8.A 
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 Catalyst 7 Catalyst 9 
 ΔG ΔH -T.ΔS ΔG ΔH -T.ΔS 
A + benzyl azide à TS-1  82.0 14.1 68.0 91.1 27.5 63.6 
TS-1 à  C -311.0 -325.3 14.3 -306.4 -318.7 12.3 
C à  TS-2 5.6 -0.4 6.0 4.1 -2.3 6.4 
TS-2 à  D -85.9 -65.8 -20.2 -92.3 -71.8 -20.5 
D à  E + prod 131.5 183.2 -51.7 129.8 179.2 -49.3 
E + acetylene à F -77.9 -128.7 50.9 -77.2 -127.6 50.4 
F à TS-3  67.5 68.1 -0.6 69.2 69.2 0.0 
TS-3 à  A -17.4 -13.1 -4.3 -23.8 -23.3 -0.5 
       
A + benzyl azide à  B -12.4 -56.5 44.1 -1.8 -33.5 31.6 
B à TS-1 à C 94.4 70.6 23.8 92.9 61.0 31.9 
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4.4.8 NMR and Mass spectra of ligands and catalysts 
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4.4.10 Mass spectra and chromatograms of peptide precursors and peptide products 
 
 
 
 
 
 
 
 
 
RP-
HPLC Chromatogram of crude compound P4 (C4, 300Å column using a gradient from 0 to 100 % 
CH3CN in 15 minutes) 
 
 
 
MALDI-TOF Spectrum of crude compound P4. M = 1584.88. Found [M+H]+ = 1585.15 
 
 
 
 
 
 
 
 
 
 
 
RP-HPLC Chromatogram of crude compound P5. (C4, 300Å column using a gradient from 0 to 100 % 
CH3CN in 15 minutes) 
 
 
 
 
 
 
 
 
 
 
 
1555.1503
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MS(ESI) Spectrum of crude compound P5. M = 2949.29. Found [M+4H]+/4 = 738.7; [M+3H]+/3 = 
984.3; [M+2H]+/2 = 1476.8 
 
 
 
 
 
 
 
 
 
 
 
 
RP-HPLC Chromatogram of compound P6. (C4, 300Å column using a gradient from 0 to 100 % 
CH3CN in 15 minutes) 
 
 
 
 
MALDI-TOF Spectrum of compound P6. M = 1686.93. Found [M+H]+ = 1687.8; [M+K]+ = 1725.8; 
[M+Cu] = 1749.7. 
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RP-HPLC Chromatogram of compound P7. (C4, 300Å column using a gradient from 0 to 100 % ACN 
in 15 minutes) 
 
 
 
MALDI-TOF Spectrum of compound P7. M = 3080.67. Found [M+H]+ = 3081.58 
 
 
 
 
 
 
 
 
 
 
 
 
RP-HPLC Chromatogram of crude compound P10. (C4, 300Å column using a gradient from 0 to 100 
% CH3CN in 15 minutes) 
 
3081.5872
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MALDI-TOF Spectrum of crude compound P10. M = 1584.88. Found [M+H]+ = 1585.48 
 
 
 
 
 
RP-HPLC Chromatogram of crude compound P11. (C4, 300Å column using a gradient from 0 to 100 
% CH3CN in 15 minutes). Presence of compound P10 at 11.270 min shows incompletion of the 
reaction. 
 
 
MALDI-TOF Spectrum of compound P11. M = 1686.93. Found [M+H]+ = 1687.51. Presence of starting 
compound P10.  M = 1584.88. Found [M+H]+ = 1585.51. 
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4.4.11 XRF Experiments on water phase of 7-IRA 402 
 
Washing 
 
 
 
 
After Run 1 
 
After Run2 
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After Run 3 
 
 
 
 
 
After Run 4 
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CHAPTER 5 
CATALYTIC C−H CARBOXYLATION OF TERMINAL ALKYNES WITH CARBON DIOXIDE 
 
 
 
 
 
5.1 INTRODUCTION 
 
The development of chemical technologies for the exploitation of Carbon dioxide has become of great 
scientific interest due to the huge amount of this gas existing in the atmosphere and oceans, where 
the total amount of carbon is estimated to be about 1014 tons.1,2 The atmospheric concentration of 
CO2 is increasing every year because of the release of 29 billion of tons of this component per year.3 
Although CO2 is well known to be a good source of C1-building block in organic synthesis, still nature 
represent the biggest exploiter of this resource, since the amount of biomass generated  by 
photosynthesis is about 170 billion tons.4,5 Several structural and chemical features of CO2 make it 
difficult to use as a bond activating agent, basically because of its high symmetry, that makes it low in 
energy and thus chemically inert. Just highly reactive reaction partners have successfully activated 
CO2 molecules like those made using Grignard reagents. At this moment just few chemicals 
processes use CO2 as their carbon source, which opens a great potential in the development of new 
chemical technologies to take advantage of a chemical that represents one of the most important 
greenhouse gases and one of the most important contaminants.6 Some of the most investigated 
protocols to use CO2 C1 building block for the preparation of molecules of chemical interest began with 
catalytic processes for the copolymerization of epoxides by Inue. Musco reported on the 
telomerization of butadiene using CO2.7-9 Later on Hoberg used CO2 for the co-dimerizaton of 
isoprene.  The use of transition metals has been developed more recently and among them, Iridium 
(II), Ruthenium (II) and Nickel (0) have been used in processes like carboxylation of ethylene, 
carboxylation of alkynes, addition to CO2 to epoxides as well as its reaction with methanol to produce, 
among others, acrylates, acrylic acids, cyclic carbonates and methyl carbonates. 10-14 Most recently, 
the insertion of CO2 into C-H bonds has emerged as an innovative process. Reactivity towards CO2 
has been found for terminal alkynes, arenes, heteroarenes, arenes, organoboranes, silanes, etc. 15-17 
This chapter is aimed to give an introductory perspective to chapter 6, where for the application of CO2 
on the synthesis of propiolic acids is discussed,  
 
 
5.2 PROPIOLIC ACIDS AS INTERMEDIATES IN ORGANIC SYNTHESIS 
 
Propiolic acids have been traditionally synthesized from the oxidation of the respective propargylic 
alcohols or aldehyde derivatives23-25. More recently, the insertion of CO2 into  alkynyl-metal species 
which are obtained from the oxidative addition of organometallic reagents or alkali metal hydrides to 
alkynes.26-29 This protocol, however has proved to be thermodynamically unfavorable unless a mild 
base is added, in that case the reactions becomes energetically feasible. This thermodynamic 
equilibrium can be shifted depending on the temperature conditions30-32. It has been proved that at 60 
°C and in the presence of Cu catalysts, the reverse reaction, decarboxylation of propiolic acids, takes 
place and extrusion of CO2 from aromatic carboxylic acids is only achieved at elevated temperatures.  
The main reason for the use of copper catalysts is the lowering of the energy barrier needs for the 
insertion and/or (de)insertion of the CO2 for alkynyl substrates. For the CO2 insertion, the use of 
alkaline metal-bases and alkyl halides to render the corresponding propiolic esters is a practical 
procedure to convert it into an irreversible process.  Several strategies to circumvent esterification is to 
use a high CO2 pressure or perform the reaction using highly active catalysts at low temperature, or 
the separation of the carboxylate salts by precipitation from the reaction mixture.  
  
 
Propiolic acids have become key synthons in the preparation of molecules with biological activity such 
as that shown against malaria, fungus, proliferation effects in cancer cells or activity against hepatitis 
C replication and antithrombotic agents as well as compounds with antiviral activity. Among such 
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structures, we find flavones, spiroindolones, coumarins, spirobenzofuranones (figure 5.1). Other class 
of pharmaceuticals include vinyl esters are one class more of pharmaceuticals which can be prepared 
from propiolic acids and thiols.18-20 Advanced materials can be obtained by stereospecific 
polymerization of propiolic acids.21 Other end products include diaryl alkynes, alkynyl arenes or 
propiolic acids which are synthesized in one step under mild reaction conditions by decarboxylative 
Sonogashira coupling.22 
 
 
 
 
 
 
5.3 SYNTHESES OF PROPIOLIC ACID ESTERS VIA Cu(I)- AND Ag(I)-CATALYZED 
CARBOXYLATION OF TERMINAL ALKYNES 
 
The carboxylation of terminal alkynes was firstly reported in 1974 by Saegusa et al.. The carboxylation 
of phenyl acetylene with stoichiometric amounts of Cu(I) and Ag(I) salts. The final ester product was 
achieved by conversion with methyl iodide. As shown in figure 5.2A, the oxidative addition of the 
terminal alkyne to the metal is promoted by the base (B). The insertion of the CO2 is carried out as an 
instantaneous process. Addition of an alkyl halide affords the propiolic ester, whose driving force is the 
formation of the corresponding metal-halide salt. The addition of phosphine ligands to the Cu-center 
stabilizes the equilibrium of the Cu-phenyl propiolate due to the σ-donor strength of the phosphine 
ligands. However, in the absence of stabilizing ligands, easy extrusion of CO2 from the propiolate has 
been seen at 35 °C.35 
 
Inue et al. found that in the presence of Cu or Ag salts and bases with pKa’s below that of the terminal 
proton, at ambient temperature the insertion of CO2 takes place and the respective propiolate is 
formed. The addition of bromohexane shifts the equilibrium with the concomitant formation of the 
respective hexyl alkynyl esters with aromatic and aliphatic substituents (figure 5.2B).36 
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According to the investigations carried out by Saegusa, the first step on the catalytic cycle is the η2-
coordination to the Cu(I)- or Ag(I)-catalyst to the C−C triple bond of the alkyne37,38 due to the low 
basicity of the base than that needed for a deprotonation of the alkyne. This would lead directly to the 
formation of the acetylide anions. This η2-coordination is the responsible of increasing the acidity of 
the terminal proton, allowing the full deprotonation of this, forming unknown structures which are 
believed to be formed by clusters of metal-acetylide bridges, giving place to a η1-coordination mode. 
39-42. The insertion of CO2 into this cluster species leads to the formation of the metal-propiolate. If 
alkyl halides are to be inserted into the reaction mixture, then esterification reactions take place, thus 
regenerating the metal-halide.  
 
More recently, new protocols have been developed for the CO2-insertion to alkynes. In 2010 the use of 
N-heterocyclic carbenes were introduced for the first time with Lu et al. publishing a work where N-
heterocyclic carbene complex 1,3-di-iso-propyl-4,5-dimethylimidazol-2-ylidene copper(I) chloride 
((IPr)CuCl) is used as the catalyst was used as the catalyst in 10 mol% and K2CO3 as the base. With 
this innovative reaction system, various propiolic esters were obtained with good to excellent yields 
from allyl, benzyl and alkyl chlorides of similar reactivity, although high CO2 pressure (15 bar) had to 
be applied. More recently, the introduction of Cs2CO3 as base and alkyl bromides or iodides as 
alkylating agents was introduced by Kondo et al. using CuI and triethylphosphine as an in-situ catalyst. 
This catalyst system allowed the conversion of CO2 into propiolic esters at room temperature and 1 
atm (figure 5.3).43 In case of electron-deficient aryl-substituted alkynes, 2,2′-bipyridine was employed 
as the ligand and the temperature was increased to 50 °C. The yields reported with this system were 
lower than those reported by Lu although there was no need of high CO2 pressure, allowing the 
production of phenylpropiolic acid without esterification. 
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5.4 SYNTHESES OF PROPIOLIC ACIDS VIA COPPER-CATALYZED CARBOXYLATION OF 
TERMINAL ALKYNES 
 
Some of the complexes known for their activity towards decarboxylation processes were shown to 
have the opposite effect when proper reaction conditions are to be used. To give an example, Cu (I) 
phenantroline systems which were used for decarboxylations33,34, were successfully applied in 
carboxylations provided a temperature low enough to shift the equilibrium of the carboxylated product. 
Gooßen published in 2010 that in the presence of 2 mol % of (1,10-phenanthroline)-bis-
(triphenylphosphine)copper(I) nitrate and cesium carbonate in DMF, 1-octyne could be carboxylated at 
atmospheric CO2 pressure and 50 °C, offering a route for the production of 1-α-nonynoic acid in 
excellent yield without the need of esterification or high CO2 pressures.  The best performing ligand 
was shown to be (1,10-phenanthroline)-bis-[tris(4-fluorophenyl)phosphine]copper(I) nitrate ([Cu(I)]′, 
figure 5.4). Furthermore, a slight increase of the CO2 pressure granted a higher reaction yields.44 As a 
complement of this study, it was revealed that best performing conditions were Cs2CO3 as the base 
and DMF as the reaction media. A large amount of compounds with many different functional groups 
were obtained. Aryl alkynes with highly electron-withdrawing groups were not converted and 
moderately electron-deficient aryl substituents were smoothly reacted. 
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The process understanding which catalyst systems is more effective for the CO2 fixation reactions. 
Zhang incorporated 1.5 mol% of TMEDA (% N,N,N′,N′-tetramethylethylene-1,2-diamine) (L1, figure 
5.5) into an in-situ catalyst system using CuI as the source of Cu. Smooth reaction conditions were 
enough to effectively produce several alkyl and aryl alkynes into propiolic acids with the inexpensive 
K2CO3, however Cs2CO3 was necessary for alkyl-substituted alkynes. Zhang introduced for the first 
time the use of poly-N-heterocyclic carbenes (L2, figure 5.5) as ligands to successfully improve the 
catalyst activity. This way electron-deficient substrates like (4-nitrophenyl) acetylene were 
carboxylated at room temperature and 1 atm.45 
 
 
 
 
 
 
 
 
 
In their mechanism proposal, NHC centers act as ligands and as organocatalysts that activate CO2 
molecules by the formation of stable adducts in close proximity with an NHC-Cu catalyst which 
activates the alkyne in the presence of a mild base, forming the alkynyl copper complex by an 
oxidative addition. The activated CO2 is the relocated from the NHC to the Cu center, allowing the 
formation of the copper propiolate which is liberated by salt metathesis by other alkyne molecule. This 
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ingenious catalyst system afforded propiolic acids in high yields from a broad range of aryl and alkyl-
substituted alkynes. 
 
 
 
 
 
 
 
 
 
 
5.5 SILVER-CATALYZED CARBOXYLATION OF TERMINAL ALKYNES 
 
Devoted investigations was continued to find more efficient catalytic systems for the carboxylation 
reactions, Lu and co-workers used silver-based catalysts as simple AgI to activate CO2 in presence of 
Cs2CO3 at 50 °C with 2 bar of CO2 in DMF (figure 5.7). 46The main advantage of this catalytic system 
lies in its simplicity and a substrate scope similar to that of the Cu-based complexes, although lower 
yields were attained at a higher CO2 pressure. The postulated mechanism is analogous to that 
proposed for the Cu systems with the formation of an intermediate Ag(I) acetylide. 
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In general, Ag-based carboxylation catalysts have shown to be more effective in comparison with Cu 
(I) systems, especially in combination with monodentate ligands and in the presence of 
dimethylsulfoxide (DMSO) as solvent, which in some cases increased the reaction rate to an extent 
that 500 ppm of AgBF4 were enough to promote the carboxylation of most of the terminal alkynes at 
50°C and 1 atm of CO247-49. Here, Cs2CO3 proved once more to be the most efficient base (figure 
5.8).50 It was proposed that a mechanism involving a complex DMSO-Ag carbonate was the actual 
species responsible for the high efficiency, as well as the possibility to form Ag nanoparticles in the 
reaction media. The main evident goal of the use DMSO lies in the high solubility of the reaction 
components in this solvent (silver salts, CO2 and base).51 
 
 
 
 
Following the investigation on Ag nanoparticles, Zhang et al. used an alternative Ag-based catalyst 
systems composed by a poly NHC-ligand mixed with a AgNO3 in DMSO, heating of the solution  lead 
to the formation of silver nanoparticles deposited on the ligand material (figure 5.10A) by coordination 
of some of the carbene centers with the silver ions, thus immobilizing them on the solid support. A 
similar reaction path was proposed to that of the Cu-based catalyst starting with the formation of NHC-
carboxylates, which in turn react with the previously formed Ag-acetylide species and finally salt 
metathesis in the presence of Cs2CO3 leads the formation of the propiolate salt. Several advantages 
and less significant disadvantages arise from this catalyst system, basically one of the major benefits 
lie in the recyclability of this heterogeneous system and the low Ag leaching (figure 5.10B). Its main 
drawbacks are the complex ligand synthesis, the higher catalyst loads needed to achieve a 
comparable productivity to that of the Ag salts. This high catalytic activity is only achieved by the 
production of additional NHC-centers, which are needed to activate as many CO2 molecules as 
possible, with the concomitant ease for the formation of Ag-propiolate intermediates. 
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5.6 METAL-FREE CARBOXYLATION OF TERMINAL ALKYNES 
 
 
From the findings that the carboxylations of the C-H bonds on heterocycles like oxazoles, thiazoles 
and oxadiazoles are feasible by using high temperatures and Cs2CO3 as the base without the need for 
transition metals, Zhang et.al. used a similar protocol to carboxylate terminal alkynes. When using 
forcing conditions (120 °C and 2.5 bar of CO2), 52 terminal alkynes are carboxylated with only 1.2 
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equivalents of Cs2CO3. In order to show that the CO2 inserted into the terminal alkyne does not come 
from the carbonate, kinetic experiments were carried out. These experiments show that there is a 
strong dependence of the reaction on the CO2 pressure. The equilibrium is shifted by the application of 
high temperature at moderate CO2 pressure.53 The main advantages of this protocol lies in the 
unexpectedly good scope  towards electron-deficient aryl-substituted alkynes, as well as its tolerance 
towards moisture and oxygen. 
 
 
 
 
 
 
 
 
5.7 CONCLUSIONS AND OUTLOOK 
 
The development of catalytic systems for carboxylation reactions is under constant evolution. The 
progress on the use of CO2 as C1 building block is still under development. However, propiolic acids 
represent one the most important starting materials for many chemical applications, so more effective 
protocols for the production of this class of chemicals is desirable. The combination of metal 
precursors, ligands, solvents and additives whilst keeping low CO2 pressures and temperature 
represent the most convenient pathway in this effort. Up to now, the most effective catalyst systems 
consist on the combination of free NHC ligands in the form of a poly-NHC ligand and low loadings of a 
Cu and Ag precursors. Future catalyst design may overcome the difficulties on the synthesis of this 
poly-NHC’s but keeping its high activity. 
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CHAPTER 6 
AG AND CU-NHC COMPLEXES CATALYZED CO2-FIXATION REACTIONS TO TERMINAL 
ALKYNES. 
 
 
6.1 INTRODUCTION 
	  
Taking advantages from the enormous amount of CO2 present in the environment has been a 
constant challenge for chemists since this gas is abundant, inexpensive and a renewable C1 source.1 
Some procedures involving Grignard and organolithium reagents for direct reaction with CO2 are of 
very limited scope, since non-functionalized carboxylic acids are not possible to synthesize by this 
way.1-5 On the other hand, the use of transition metals for CO2 activation with nucleophiles have 
shown broad scope, high efficiency and good applicability can render the production of functionalized 
carboxylic acids and their derivatives6.  One of the more recent methods is the carboxylation of 
terminal alkynes by using Cu (I) and Ag (I) catalysts. However the high thermodynamic stability of CO2 
represents a challenge for the development of more efficient and active catalysts of high energy 
organometallic reagents, 7 using specialized ligands and expensive materials. Consequently, the 
progress on the synthesis of efficient catalytic systems for the carboxylation reactions using CO2 using 
mild conditions is highly desirable.  
 
In this chapter we make a study of our water-soluble (NHC)2-Cu complexes for the carboxylation, and 
make a comparison of catalytic activity between this new class of complexes and Ag-based8 
complexes holding the same kind NHC-type f ligands (figure 6.1). 
 
 
 
6.2. CATALITIC ACTIVITY 
Initial experiments with complex 8 were carried out with phenyl acetylene and aqueous conditions in 
an attempt to take advantage of the high hydrophilic character of complex 8. From all the conditions 
tested for the standard reaction of phenylacetylene and CO2, no reaction was found in all cases, most 
probably due to the effect of water on the reaction media (table 6.1), which according to the 
mechanism involved in the Cu and Ag- catalyzed carboxylation, the oxidative addition of the alkyne 
onto the Cu is the initial step of the catalysis, followed by a coordination to the CO2 molecule and the 
formation of the unstable metal-propiolate intermediate. This last step may be blocked by the reaction 
N N
Ag
NN
SO3Na
O3S
N N
Cu
NN
PF6
SO3K
KO3S
8
Figure 6.1 NHC-Cu and -Ag complexes used for the carboxylation of terminal alkynes
1-Ag
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of dissociation of the CO2 molecules and the increase of the acidic conditions due to the formation of 
carbonic acid. 
Table 6.1 Different conditions used for the carboxylation of phenylacetylene with complex 8. 
 
Run Additive 
(1.2eq) 
Pressure (bar) Temperature 
(°C) 
Yield 
1 K2CO3 1 R.T. 0 
2 Na2CO3 1 R.T. 0 
3 Cs2CO3 1 R.T. 0 
4 -------- 35 R.T. 0 
5 K2CO3 35 R.T. 0 
6 Cs2CO3 35 R.T. 0 
7 Na2CO3 35 R.T. 0 
8 Cs2CO3 35 R.T. 0 
9 AcONa 35 R.T. 0 
10 K2CO3 35 50 0 
11 Cs2CO3 35 50 0 
12 Na2CO3 35 50 0 
13 Cs2CO3 35 50 0 
14 AcONa 35 50 0 
 
 
Derived from the null yields obtained with reaction in aqueous media, we were prompted to use 
organic solvents which are compatible with the catalyst used and enable the carboxylation to take 
place. Table 6.2 shows the different conditions tested. Again it is evident that water has a deleterious 
effect on the reaction yield, therefore, we figured out that the use of dry conditions might improve the 
yield of the reaction. The best performing solvent for the reaction turned out to be DMSO instead of 
the typical DMF for alkyne carboxylations (table 6.2, run 4). Furthermore, either pressure or 
temperature have no effect on the reaction yield (table 6.2, runs 5, 6), in fact it is well known that high 
temperatures have a deleterious effect on the reaction yield by provoking decomposition of the copper 
propiolate intermediate 9 
 
 
 
 
 
 
 
 
 
OH
O
8 (5 mol%)
CO2
Cs2CO3
16h, P, T
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Table 6.2 Different conditions applied for the carboxylation of phenylacetylene with complex 8. 
 
Run Solvent Additive 
(1.2eq) 
Pressure 
(bar) 
Temperature 
(°C) 
Yield 
1 DMF K2CO3 1 R.T. 45 
2 DMF Cs2CO3 1 R.T. 50 
3 DMSO K2CO3 1 R.T. 25 
4 DMSO Cs2CO3 1 R.T. 80 
5 DMSO Cs2CO3 1 50 20 
6 DMSO Cs2CO3 35 R. T. 50 
7 DMF-H2O Cs2CO3 35 R.T. 15 
8 DMF- H2O Cs2CO3 35 50 ~5 
9 DMSO-H2O Cs2CO3 35 R.T. 20 
10 DMSO- H2O Cs2CO3 35 R.T. 15 
 
 
The efficiency of the Cu-based catalyst was contrasted with the Ag-based catalyst 1-Ag holding the 
same ligand, which was published by Saughnessy 8. In table 6.3 the catalyst performance of 
complexes 8 and 1-Ag is shown. Interestingly, Ag-based catalysts seem to have a better performance 
than 8 on the carboxylation of phenyl acetylene even at catalyst loading as low as 1mol%, lower 
catalyst loadings give rise to a significant loss of activity. This result prompted us to use catalyst 1-Ag 
as our catalyst system.  
Taking into consideration the high reactivity of the Ag-based catalyst, complex 1-Ag was used for the 
carboxylation of a series of terminal alkynes (table 6.4). The results obtained with some alkynes reveal 
that the reactivity of the (NHC)2-Ag (I) catalyst towards the alkyne used is variable, possibly due to the 
difference in acidity of the alkyne proton. To give an example, aromatic alkynes, which are the most 
acidic among the substrates used, showed higher reactivity towards carboxylation than the rest of the 
substrates investigated (table 6.4, runs 1, 2, 6). Unexpectedly, dialkynes were not fully carboxylated 
as originally planned (table 6.4, runs 5 and 6) 
 
 
 
 
 
 
 
 
OH
O
8 (5 mol%)
CO2 (1atm),
additive
16h,T
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Table 6.3 Comparison between catalysts 8 and 1-Ag for the carboxylation of terminal alkynes 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.4 Isolated products of alkyne carboxylation catalyzed by complex 1-Ag 
 
Run Product Yield 
1 
 
85 
2 
 
90 
3 
 
65 
4 
 
72 
5 
 
77 
6 
 
85 
7 
 
40 
 
R R
OH
O
1. CO2 (1atm), Ag(NHC)2 (5mol%)
Cs2CO3 (1.2eq),DMSO
r.t., 16h
2. HCl 2N
OH
O
OH
O
MeO
OH
O
Si
OH
O
OH
O
OH
O
OH
O
 
Run Catalyst %mol Yield 
1 8 5 80 
2 8 2 76 
3 8 1 55 
4 1-Ag 5 93 
5 1-Ag 2 92 
6 1-Ag 1 90 
7 1-Ag 0.5 70 
OH
O
1. 8, 1-Ag
CO2 (1 atm)
Cs2CO3 (1.2eq)
DMSO, 16h,R. T
2. HCl 2N
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6.3. PROPOSED MECHANISM FOR THE CARBOXYLATION OF TERMINAL ALKYNES BY A 
(NHC)2-Ag COMPLEX 
In our proposal for reaction mechanism, we found out that the double NHC ligand coordinated to the 
Ag center may increase the reaction rate due to an activation effect produced by the dissociated NHC 
in step A, figure 6.2. The free NHC may interact with the CO2 molecule and produce the CO2 adduct, 
which may be considered as an activated form of CO2. Once the oxidative addition has taken place 
(step B, figure 6.2), this species can interact with a CO2 molecule or with the activated adduct NHC-
CO2 to give rise to a silver propiolate species (step C, figure 6.2), which in turn undergoes salt 
metathesis to form cesium propiolate, mild acidic cesium bicarbonate formed in the reaction or most 
probably the protonated sulfonate group of the NHC ligand may protonate the propiolate and thus 
produce the corresponding propiolic acid. 
 
 
 
 
As we have seen, it is feasible to use sulfonated NHC-Ag complexes for the carboxylation of terminal 
alkynes, however more investigation is needed in order to being able to find the best performing 
conditions for a standard carboxylation procedure. As was found in the literature, free NHC’s are able 
to activate CO2 molecules by the formation of CO2 adducts, this species are capable to transfer CO2 
molecules more efficiently, taking advantage of the strong nucleophilicity of the acetylide as the driving 
force of the reaction. 
 
 
N N
Ag
NN
SO3Na
O3S
R H
N
N
Ag
SO3Na
R
R
O
O
N
N
Ag
SO3Na
N N SO3H
R
OH
O
HN N SO3H
OO
CO O
N N SO3H
Figure 6.2 Proposed mechanism for the carboxylation of terminal alkynes by sulfonated-(NHC)2-Cu (I) catalyst
Cs2CO3
or
R
A
B
C
or
CO2
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6.4 EXPERIMENTAL SECTION 
 
6.4.1 General conditions 
All reagents were used as purchased, Cu(I) sources were stored under argon in a glove box. Solvents 
were dried under standard procedures. 1-(2,4,6-trimethylphenyl)-3-(3-sulfonato-propyl)-imidazolium 
and Bis(1-mesityl-3-(3-sulfonatopropyl)imidazol-2-ylidene)silver Sodium Salt were synthesized 
according to literature procedures8. NMR characterizations were carried out using a Bruker Avance 
500 MHz spectrometer, chemical shifts (d) are reported in parts per million (ppm) referenced to 
tetramethylsilane (1H) or the internal (NMR) solvent signals (13C). Terminal alkynes were purchased 
and used without further purification. Carboxylation experiments were carried out under dry conditions. 	  
 
6.4.2 Standard procedure for the carboxylation of terminal alkynes 
In a 10mL Schlenk flask Bis(1-mesityl-3-(3-sulfonatopropyl)imidazol-2-ylidene)silver Sodium Salt (1 
mol%), 391mg of Cs2CO3 (1.2 eq) and .11mL of terminal alkyne (1 mmol) were introduced, 1mL of dry 
DMSO was added to the reaction mixture and the flask was purged with CO2 and kept at CO2 
atmosphere (balloon) for 16h at room temperature (24°C). After completion of the reaction, the 
reaction mixture was acidified to pH = 1 with concentrated HCl and extracted with diethyl ether, the 
combined organic layers were dried with anhydrous MgSO4 and filtered and the solution concentrated 
in vacuum, affording pure product (phenyl propiolic acid) as white needles (80%). 
 
Phenyl propiolic acid. 1H NMR (400 MHz, DMSO-d6) δ = 11.18 ppm (br, s, COOH), 7.53-7.57 (m, 
2H, ArH), 7.39-7.44 (m, 1H, ArH), 7.30-7.35 (m, 2H, ArH). 13C NMR (100 MHz, CDCl3): δ = 154.86 
(COOH), 133.01, 131.43, 129.49, 119.45, 84.74, 82.27.  
(4-methoxyphenyl)propynoic acid. 1H NMR (400 MHz, DMSO-d6) d= 7.51 − 7.58 (m, 2 H), 
6.94−7.02 (m, 2 H), 3.78 (s, 3 H) ppm. 13C NMR (101 MHz, DMSO-d6) d= 161.4 (s), 154.8 (s), 134.8 
(d, J=16.9 Hz), 114.8 (d, J=38.2 Hz), 110.8 (s), 85.5 (s), 81.2 (s), 55.5 (d, J=47.0 Hz) ppm.  
Terbutyl-propiolic acid.  1H NMR (400 MHz, CDCl3): 13.70 (br, s, 1H, COOH), 1.26 (s, 9H, CH3); 
13C NMR (100 MHz, CDCl3): δ 154.86 (COOH), 95.24, 73.22, 30.10, 27.45. 
Trimethylsilyl-propiolic acid. 1H NMR (400 MHz, CDCl3): 8.9 (br, s, 1H, COOH), 0.258 (s, 9H, CH3); 
13C NMR (100 MHz, CDCl3): δ 40.32, 95.14, 97.16, 157.35. 
Propiolic Acid. 1H NMR (400 MHz, CDCl3): 11.2 (br, s, 1H, COOH), 3.1 (s, 1H, CH); 13C NMR (100 
MHz, CDCl3): 76.62, 77.47, 158.2. 
8-ethynyl-octynoyc acid. 1H NMR (400 MHz, CDCl3): 9.86 (br, s, 1H, COOH), 2.66 (s, 1H, CH), 2.33 
( t, 2H, CH2), 2.16 (tt, 2H, CH2), 1.90 (t, 2H, CH2), 1.55-1.69 (m, 4H, CH2) ; 13C NMR (100 MHz, 
CDCl3) 157.48, 68.88, 27.32, 26.31, 18.31, 18.26, 17.86. 
p-ethynylbencene-propiolic acid. 1H NMR (400 MHz, CDCl3) 4.49 (s, 1H, CH), 7.71 (Ar, 4H); 13C 
NMR (100 MHz, CDCl3) 154.1, 131.9, 124.1, 83.93, 83.44, 82.79, 82.57 
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6.4.3 NMR spectra of propiolic acid products 
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CHAPTER 7 
GENERAL CONCLUSION 
 
 
 
 
7.1 SUMMARY 
	  
The content of this work was basically aimed to catalysis by NHC-metal complexes. That is why 
chapter 1 deals with generalities of the N-heterocyclic carbene ligands and their application in 
catalysis, either as single organocatalysts or as ligands in organometallic compounds. An extensive 
description of the wide applications of NHC-transition metal complexes in catalysis was given, and the 
recent study of functionalized and specifically sulfur containing NHC’s was carried out. 
 
In this work we have presented the general overview of the application of NHC-metal complexes on 
catalytic transformations in aqueous media (chapter 2), from which we found out that due to the 
extremely large scope of applications of this kind of organometallics, water organocatalytic reactions 
have become an important field of research and possess a huge potential for future industrial 
applications. 
 
Chapter 4 deals with the fundamentals of the azide-Alkyne cycloaddition reaction, giving an 
introduction to the Cu-catalized reaction, and the proposed catalytic path involved in this reaction, 
which may occur with isolated azides, as well as with in-situ generated azides. The most relevant 
ligands used to accelerate the process are presented, along with a concise and extensive description 
given originally by Fokin and collaborators about the use of the CuAAC reaction in peptidomimetic 
chemistry. 
 
We have presented the design and preparation of a new type of water-soluble (NHC)2-Cu catalyst as 
our major contribution to Cu catalysis. These series of complexes were tested on standard Click 
reactions and confirmed their great potential as catalyst for cycloaddition (chapter 4).  
 
 
 
 
By using the newly synthesized ligands 1 and 2 and the existing ligands 3 and 4 (figure 7.1), a series 
of bis(NHC)-Cu (I) complexes were created. All the newly synthesized compounds showed excellent 
performance towards Click reactions in diverse conditions and using a wide range of substrates. One 
of the major catalytic improvements made by the new complexes was the possibility to employ them 
for the synthesis of a variety of triazoles and the versatility of conditions. This capability is distributed 
from neat over solvent mixtures to in-situ conditions. From an initial catalytic analysis, it turned out that 
complex 7 was the most active catalyst from the tested series (figure 7.2), showing higher activity than 
the most active NHC-Cu complex reported to date. In addition, all the complexes showed good 
N N
3
SO3 N N
SO3
4
N N SO3 N N
SO3
1 2
Figure 7.1Hydrophilic NHC ligand precursors used in this work
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thermal and air stability, enabling them to be stored for several weeks under dry conditions without 
loose of activity. Complex 7 was further used for the catalytic screening. 
 
 
 
 
For the production of 1,4-substituted triazoles under neat conditions the products were pure enough 
for direct characterization by NMR spectroscopy. These varieties of triazoles were also produced 
using in-situ conditions, starting from the alkyl/aryl halide and sodium azide, where the use of 
DMSO/water mixtures was critical to achieve excellent reaction yields. Although Ru-catalysts are more 
feasible for Click reactions of internal alkynes the newly developed Cu-catalysts in this work were also 
capable to generate 1,4,5-substituted triazoles .Due to its high-energy consumption and the use of 
multistep procedures, as well as the employment of toxic solvents, the production of 4-substituted-
1,2,3 triazoles has represented a synthetic challenge. We found out the feasibility to produce 4-
substituted-1,2,3-triazoles from non-activated terminal alkynes by using mixtures of DMSO/AcOH and 
NaN3 representing an improvement of the few catalytic protocols of this kind. However, the most 
outstanding advance of this research was by far the synthesis of 1-substituted triazoles from acetylene 
gas completely in water and in mixtures water/DMSO, alternative to those procedures involving 
organic solvents and high catalyst loadings (figure 7.3). Finally, the reaction of tosyl azide and 
acetylene gas in water/DMSO mixtures yielded tosyl-acetamide, opening the possibility of using 
acetylene gas as an efficient source of acetamide bonds in organic and biological chemistry. All these 
achievements in catalytic activity were attained by using a maximum of 5 mol% of catalyst and in 
general aqueous conditions, which embodies an eco-friendly series of catalytic protocols. 
 
 
 
To further expand and illustrate the scope and potential of the developed catalysts, bioconjugation 
experiments with alkyne and/or azide tagged peptides were carried out. Hereto, two peptides, one 10 
mer and one 23 mer, comprising part of the N-terminal basic region of the Transcription Factor protein 
GCN4, were synthesized on 2-chlorotrityl chloride polystyrene resin. Propargyl glycine was 
incorporated as the first, C-terminal amino acid residue to provide for the alkyne functionality for 
further click reaction with benzylazide. These experiments underscore the potential for application of 
our water-soluble (NHC)2Cu (I) catalysts in the functionalization of deprotected peptides applying the 
CuAAC strategy. We could take further advantage of the ionic functionality inserted into the NHC 
ligand and used this feature to ionically immobilize the catalysts complexes on an anion exchange 
resin. Our experiments showed that basically the same catalytic activity of the homogeneous related 
to that of the heterogeneous catalyst is feasible and surprisingly a high activity towards acetylene was 
found by applying ultrasound to the reaction mixture. 
 
From a mechanistic point of view, a computational analysis of the Cu(I) catalysts bearing sulfonate 
functionalized NHC ligands shows that the sulfonate group allows internal deprotonation and 
protonation steps of the alkyne and formed reaction product, respectively. Comparison of energy 
N N
Cu
NN
PF6
SO3K
KO3S
Figure 7.2 Bis[1-(4-sodiumsulfonatepropyl)-3-(2,4,6-trimethylphenyl)-4,5-dihydroimidazolyl-3-ylidine] copper (I) hexafluorophosphate 7
7
R N3 +
7 (0.5mol%)
R. T.,water, t
N
N NR
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R = Alkyl, Allyl, ethylacetate, aralkyl
100% (respective to the azide)
Figure 7.3 Useof acetylene gas in Click reactions in water
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barriers confirmed that the complexes with saturated ligands are more active than the complexes with 
unsaturated ligands toward Click reactions, which is in good agreement with the experimental data. 
 
In chapter 5, a general revision of the carboxylation of terminal alkynes is made, which is a very useful 
protocol for the preparation of propiolic acids. This overview goes from transition metal-catalyzed 
reactions to metal-free procedures, from which it turns out that especially the Ag-based systems are 
among the most active species for the carboxylation of terminal alkynes. In this regards, in chapter 6 
the capacilities of NHC-Cu and Ag complexes on the carboxylations of terminal alkynes were studied. 
From the comparison of the two complexes bearing the same ligands, we found out that Ag-based 
complexes offer the highest activity that is in agreement with the literature. The results obtained with 
some alkynes reveal that the reactivity of the (NHC)2-Ag (I) catalyst towards the alkyne used is 
variable, possibly due to the difference in acidity of the alkyne proton (figure 7.4).  
 
 
 
We envisaged a possible reaction route, taking into account earlier studies. In our proposal, we 
suggested that the double NHC ligand coordinated to the Ag center may increase the reaction rate 
due to an activation effect produced by the dissociated NHC, which may interact with the CO2 
molecule, producing the NHC-CO2 adduct. Once the oxidative addition has taken, this species can 
interact with a new CO2 molecule or with the activated adduct NHC-CO2 to give rise to a silver 
propiolate species. Finally, salt metathesis with cesium produces the corresponding propiolic acid. The 
yields went from poor to excellent. This was attributed to the acidity of the substrate, getting higher 
yields with the most acidic substrates. 
 
 
 
 
 
7.2 OUTLOOK 
 
N-Heterocyclic carbenes (NHCs) clearly are not just “phosphane mimics” as they are sometimes 
called in the literature. They are more than that, they are versatile and easy-to-make ligands with great 
potential in homogeneous catalysis. There is increasing experimental evidence that NHC-metal 
catalysts surpass their phosphane congeners in both activity and scope of application. The most 
convincing and best-studied example so far has been olefin metathesis, for which reaction ruthenium-
NHC catalysts have been exploited by many groups. Here, it became evident that organophosphanes 
-ubiquitous standard ligands in organometallic chemistry- give poorer catalytic performance than NHC 
ligands in structurally analogous catalysts. The NHC-Ruthenium complexes are the most active 
catalysts of olefin metathesis known to date. They tolerate functional groups, and work at ambient 
temperature. NHC´s strongly bind to typical catalyst metals, but do not undergo ligand dissociation, at 
least in the hitherto investigated cases.  
Over the past decade, there has been a noticeable shift toward development of methodology catalytic 
in Cu(I). The rationale behind the emphasis is in line with the times; that is, environmental concerns 
have come to the fore, placing implied limits on the extent of transition metal usage. Therefore, 
notwithstanding favorable economic factors associated with copper, its being a ‘base’ rather than 
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Figure 7.4 Production of propargyl alcohols by a water-soluble NHC-Ag complex
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‘precious’ metal, much effort has been devoted toward copper-catalyzed reactions, including cross-
couplings to arrive at C–N, C–O, and C–H, in addition to C–C bonds.  
 
N-heterocyclic carbene copper catalyzed chemistry has turned from non-existent to a vibrant field of 
research being pursued by many groups around the world. Cu-NHC catalysts have been shown to 
functionalize a large variety of substrates, including carbonyls, alkenes, alkynes, aromatics and 
heteroaromatics. As this field continues to mature, we have no doubt that more useful organic 
transformations are likely to be discovered using these simple copper systems. From an 
organometallic perspective, we can identify a number of points that must be addressed in terms of 
catalyst formation to ensure the area grows from a result-oriented area to a rational catalyst design 
endeavor. Examples in the present perspective range from the numerous protocols designed to form 
catalyst in-situ -very useful for high throughput screening efforts- to the use of well-defined complexes. 
As areas have progressed from in-situ to well-defined catalysts, olefin metathesis and palladium cross-
coupling to name but two very important areas, so we foresee more developments in this direction 
leading to a better understanding of reaction mechanism but ultimately to the design of ever better 
performing catalysts. 
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ALGEMEEN BESLUIT 
 
 
N-heterocyclische carbenen (NHCs) zijn duidelijk niet alleen "fosfine mimics" zoals ze soms worden 
genoemd in de literatuur. Ze zijn meer dan dat, ze zijn veelzijdig en gemakkelijk te maken liganden 
met grote mogelijkheden in homogene katalyse. Er is steeds meer experimenteel bewijs dat de NHC-
katalysatoren hun fosfine soortgenoten overtreffen in zowel hun activiteit als in hun 
toepassingsgebied. Het meest overtuigende en best bestudeerde voorbeeld is tot dusver olefine 
metathese, waarvoor ruthenium-NHC katalysatoren werden geëxploiteerd door vele groepen. Hier 
werd duidelijk dat organofosfines - alomtegenwoordige standaard liganden in organometaalchemie - 
slechtere katalytische prestaties leverden dan NHC liganden in katalysatoren met een vergelijkbare 
structuur. De NHC-ruthenium complexen zijn de meest actieve katalysatoren voor olefine metathese 
die tot nu toe bekend zijn, ze tolereren functionele groepen en werken bij omgevingstemperatuur. Het 
NHC-ligand bindt sterk aan typische katalysator metalen, en ondergaat geen ligand dissociatie. 
 
In het afgelopen decennium, is er een duidelijke verschuiving in de richting van de ontwikkeling van 
katalytische complexen gebaseerd op Cu (I). De grondgedachte hierachter ligt in lijn met de tijd, 
milieuoverwegingen treden op de voorgrond, limitering van het gebruik van specifieke 
overgangsmetalen, enz.. Daarom, ondanks gunstige economische factoren in verband met koper, dat 
een 'basis-' in plaats van 'edelmetaal’ is, werd veel aandacht besteed in de richting van koper 
gekatalyseerde reacties, waaronder cross-koppelingen tot het bekomen van C-N, C-O, en C-H, naast 
C-C bindingen. 
 
NHC-Cu gekatalyseerde chemie is veranderd van onbestaande tot een levendig gebied van 
onderzoek door vele groepen over de gehele wereld. Cu-NHC katalysatoren hebben aangetoond een 
grote verscheidenheid aan substraten te kunnen functionalizeren, waaronder carbonylen, alkenen, 
alkynen, aromaten en heteroaromaten. Aangezien dit gebied noch ver van volwassen is, was zonder 
enige twijfel het duidelijk dat er meer bruikbare organische transformaties zullen worden ontdekt met 
behulp van deze eenvoudige koper systemen. Vanuit een organometaalchemisch perspectief, kunnen 
we een aantal punten aanbrengen die in, termen van katalysatorontwikkeling, moeten worden 
aangepakt om ervoor te zorgen dat het gebied groeit van een resultaatgerichte omgeving naar een 
rationeel katalysatorontwerp. Voorbeelden in dit perspectief variëren van de vele protocollen voor in-
situ gevormde katalysatoren- zeer nuttig voor ‘high throughput screening’ – tot het gebruik van goed-
gedefinieerde complexen. Daar gebieden zijn gegroeid van in-situ generatie van welbepaalde 
katalysatoren, bv. olefine metathese en palladium koppeling, verwachten we dus meer ontwikkelingen 
in deze richting leiden tot een beter begrip van reactiemechanisme, maar uiteindelijk het ontwerp van 
steeds beter presterende katalysatoren. 
 
In dit opzicht, is onze belangrijkste bijdrage in dit werk, in de eerste plaats een algemene overzicht van 
de toepassing van de NHC-metaal complexen voor katalytische omzettingen in waterige media 
(hoofdstuk II). Als gevolg van de zeer grote omvang van de toepassingen van dit soort 
organometalen, zijn organo-katalytische reacties in water uitgegroeid tot een belangrijk 
onderzoeksgebied en beschikken ze over een enorm potentieel voor toekomstige industriële 
toepassingen . 
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In dit werk hebben we het ontwerp, de synthese, de karakterisatie en het testen van een nieuwe 
familie water-oplosbare (NHC)2-Cu katalysator als onze belangrijkste bijdrage aan Cu katalyse 
gepresenteerd. Deze klasse van katalysatoren werden getest op standaard reacties en meer 
specifieke reacties waaruit bleek dat een groot potentieel voor deze katalysatoren zich situeert in het 
gebied van de “Click” chemie (cycloadditie reacties). Aangezien Click chemie een breed scala van 
toepassingen heeft, bezitten de complexen die in dit werk werden ontwikkeld een groot potentieel om 
te worden gebruikt in deze gebieden. 
 
 
 
 
 
 
 
 
 
	  
